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In this dissertation, mono- and bimetallic polyvinylpyrrolidone stabilized palladium 
nanoparticles were synthesized via the polyol method. The prepared nanoparticles were 
deposited onto different metal oxide supports and then applied in the oxidation of 5-
hydroxymethylfurfural (HMF) and glycerol (GLY) with and without addition of homogenous 
base using molecular oxygen as oxidant. A high yield of 2,5-furandicarboxylic acid (FDCA) > 
90 % connected with a relatively stable catalytic performance was obtained by oxidation of 
HMF in alkaline solution on a Pd/ZrO2/La2O3 catalyst. A lactic acid (LA) yield of 75 % was 
obtained by the oxidation of GLY in alkaline solution on a Pd-Ag/TiO2 catalyst (Pd:Ag = 4:1 
mol/mol) which additionally showed a stable catalytic performance when the catalyst was 
recycled. Various characterization methods including XRD, TEM, SAXS, XPS and AAS were 
applied to obtain information about the size of Pd NPs and their electronic structure before 
and after utilization in the oxidation reactions, thus, to make a correlation between the 
characteristics of the catalysts and their catalytic performance. 
Zusammenfassung 
Im Rahmen der hier vorliegenden Doktorarbeit wurden mono- und bimetallische 
Polyvinylpyrrolidon stabilisierte Pd-Nanopartikel (NPs) mit Hilfe der Polyol-Methode 
hergestellt. Diese NPs wurden auf verschiedenen Trägermaterialien abgeschieden und in der 
Oxidation von 5-Hydroxymethylfurfural (HMF) und Glycerin (GLY) getestet. Die Reaktion 
wurde mit und ohne lösliche Base und mit molekularem Sauerstoff als Oxidationsmittel 
durchgeführt. Eine hohe Ausbeute an 2,5-Furandicarbonsäure (FDCA) von mehr als 90 %, 
verbunden mit einer relativ hohen Stabilität des Katalysators, wurde bei der Oxidation von 
HMF in alkalische Lösung mit Pd/ZrO2/La2O3 erreicht. Bei der Oxidation von GLY in 
alkalische Lösung mit einem Pd-Ag/TiO2 Katalysator (Pd:Ag = 4:1 mol/mol) konnte eine 
Ausbeute von 75 %, bezogen auf die Milchsäure, erzielt werden. Zusätzlich blieb die 
Katalysator-Performance über mehrere Recyclingversuche hinweg stabil. Verschiedene 
Methoden wie XRD, TEM, SAXS, XPS und AAS wurden zur Charakterisierung der Pd-
Katalysatoren eingesetzt. Durch Korrelation der entsprechenden Daten, wie Größe und 
elektronischer Strukturen der Pd-NPs vor und nach dem Einsatz in der Oxidationsreaktion, 
konnten neue Informationen über die Katalysatoren und deren Anwendbarkeit gewonnen 
wurden. 
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1. Introduction and Objective 
Metal nanoparticles dispersed onto various supports (e.g. metal oxide) are widely used as 
catalysts in many processes in the chemical industry, such as fine chemical, polymer, 
petrochemical and pharmaceutical industries [1]. The catalytic activity and selectivity of such 
materials is strongly influenced by the shape, size, and size distribution of the active metal 
species, nature of the support, and the interaction of active metal species with the carrier 
material [2]. 
There are various methods for preparation of heterogeneous supported catalysts in which the 
active metal is dispersed on a support. Conventionally, such catalysts are prepared by the 
adsorption of a metal species on the surface of the carrier material and subsequent thermal 
treatment in an oxidative and/or reductive atmosphere. The metal morphology and dispersion 
are strongly affected by the interaction between the metal precursor and support which is a 
disadvantage of this method [3, 4]. 
Another method which could be used to prepare heterogeneous supported catalysts is the 
deposition of pre-formed metal nanoparticles onto different supports [5]. In recent years, 
methods based on colloid chemistry have been applied to prepare mono- and bimetallic 
nanoparticles with controlled shape, size and narrow size distributions [6]. Deposition of the  
pre-formed metal nanoparticles onto different supports alters the particle size only slightly. 
This allowed, for example, studying the effect of support on the activity and selectivity in 
various heterogeneously-catalyzed reactions, isolated from the other factors of the catalyst 
preparation [7, 8]. Another advantage of the separately prepared metal nanoparticles based 
catalysts is their relatively high activity because of a high surface area to volume ratio [2]. 
The interest in the synthesis of fine and bulk chemicals from renewable feedstocks have 
increased significantly in recent years because the supply of fossil fuels is limited.  
5-Hydroxymethylfurfural (HMF) is considered as a promising chemical for several industrial 
applications because it is available from biomass (e.g. fructose or glucose) and could serve as 
building block for many other molecules [9-12]. One of the promising products obtained from 
HMF oxidation is 2,5-furandicarboxylic acid (FDCA), which is considered as one of the 
twelve most important biomass derived chemicals [13]. FDCA is considered to be a potential 




alternative for the terephtalic acid that is used for the preparation of polyethylene 
terephthalate (PET) [14]. 
Glycerol (GLY, 1,2,3-propane triol), a by-product of biodiesel production through trans-
esterification of triglycerides, is a highly versatile building block, due to its easy availability 
and its high functionalization [15]. One of the promising routes is the catalytic oxidation of 
GLY to lactic acid (LA). LA is considered as an important chemical for many applications in 
the food, cosmetic, and pharmaceutical industries [16].  
Pd based materials have been successfully applied in the aerobic oxidation of alcohols to 
carbonyl groups, both in organic and aqueous reaction media [17-28]. So far, studies of Pd 
based materials in HMF oxidation were reported only on Pd/C catalysts [23]. Here, only the 
rate and product distribution for HMF oxidation over Pd/C was compared with that from the 
other supported metal Pt/C and Au/C catalysts. However, the influence of the support, 
correlation of Pd catalysts properties (e.g. particle size) with their catalytic performance and 
the stability of Pd catalysts in HMF oxidation has not yet been studied.  
In glycerol oxidation, the influence of particle size of Pd catalysts on the glycerol oxidation 
and optimization of reaction conditions over this catalyst were already studied, where the 
reaction was orientated to glyceric acid [24, 26, 29-31]. So far, three studies were published 
for the oxidation of glycerol to lactic acid under strong basic conditions (NaOH:GLY= 4:1 
mol/mol) using Au-Pt/TiO2 [32], Au-Pt/CeO2 [33], and Au/CeO2 [34] catalysts with a high 
yield of (≥ 80 %). With Pd catalysts, only results on an Au-Pd/TiO2 have been reported in 
glycerol oxidation towards lactic acid in an acidic medium with a low yield of 47 % [35]. 
However, the influence of varying bimetallic Pd-M (M= Ag, or Cu) catalysts composition on 
glycerol conversion and lactic acid yield and their stability have not yet been studied. 
Furthermore, obtaining a high yield of lactic acid with a low amount of catalyst and low 
molar ratio of NaOH to GLY is still open to investigation. 
This work aims to provide a better understanding of the individual steps in the development 
of supported catalysts with pre-formed palladium nanoparticles in order to obtain active and 
selective catalysts for the selective oxidation of 5-hydroxymethylfurfural and glycerol in 
aqueous solution using molecular oxygen as oxidant as follows:  




 Preparation of differently sized palladium nanoparticles by the polyol method, to study 
the relationship between the particle size of palladium nanoparticles and their catalytic 
performance in the oxidation reaction. 
 Deposition of pre-formed palladium nanoparticles onto different metal oxide supports, 
to study the influence of support on catalytic performance of supported palladium 
nanoparticles in the oxidation reactions. 
 Modification of the surface of pre-formed palladium nanoparticles by adding a second 
metal (e.g. Ag, Au, or Cu) and subsequent deposition of these bimetallic nanoparticles 
onto support, to enhance their catalytic performance in the oxidation reactions. 
Additionally, the possibility of reusability of the catalysts and the influence of reaction 
parameters on the oxidation reactions were studied as well. The catalysts were characterized 
using XRD, XPS and TEM and compared before and after utilization in oxidation reactions. 
Scheme 1 represents the schematic structure of this work. 
 
 










2. Theoretical Part 
 
Catalysis evolved to be a powerful technology in the bulk chemicals, fine chemicals, 
pharmaceuticals and petrochemical industries [36]. The term catalyst originated from the 
Greek word (κατάλυσις) which means dissolution. The term catalysis was first used by 
Berzelius in 1836 to introduce a new process by which a chemical reaction could be promoted 
by using a catalyst. By definition, a catalyst can accelerate a reaction rate without being 
consumed in the process [37]. Catalysts can be divided into three main groups, i.e. 
heterogeneous, homogenous and enzymatic catalysts. There is another kind of catalyst and it 
is called quasi-homogenous (unsupported metal nanoparticle) [38]. 
2.1 Metal nanoparticles 
2.1.1 Properties and synthesis of nanoparticles 
 
By definition nanoparticles are materials exhibiting particle sizes in the range of 1 to 100 nm, 
which are similar to ultrafine particles but clearly smaller than fine particles which cover a 
range of 100 to 2500 nm. Nanoparticles can be metal clusters (agglomerates of metal atoms) 
or small colloidal particles. It is worth noting that, not all small colloidal particles are 
nanoparticles [2, 39]. The term colloidal particle describes a compound in the colloidal 
system which is dispersed as very fine particles in another compound (dispersion medium). 
Colloid science has a long history. Already in 1861 Thomas Graham coined this name 
according to the Greek word "κoλλα" which means glue, as some of his colloidal systems 
were glue-like. However, the nomenclature of Graham did not give information about the size 
range. Much later on in 1972 Everett [40] defined the size of colloids to be in the range of 1 to 
1000 nm. Nanoparticles have been shown to exhibit structural, electronic, magnetic, and 
optical properties that differ from those of the corresponding bulk materials [41].This is due 
to an increased surface area which results in higher reactivity, quantum effects and lower 
melting points. Figure 1 shows the formation of discrete electronic energy levels on the way 






Figure 1. Formation of discrete electronic energy levels on the way from bulk to molecule [42]. 
In the bulk metal the band is formed by the combination of neighboring energy levels of 
several atoms. When the particle size decreases and reaches the nanoscale every particle is 
made up of a smaller number of atoms. The number of overlapping orbitals or energy levels 
changes dramatically in these bands leading to a larger band gap (the differences between the 
highest valence band and the lowest conduction band). This effect explains the nanoparticles 
have a wider band gap than the corresponding bulk metal.  
There are two basic methods to synthesize nanoparticles: "top down" and "bottom up" (Figure 
2) [43]. The so-called "top down" method is a physical method, which generates nanoparticles 
by crushing of a bulk substrate via various techniques e.g. mechanical, thermal or irradiative 
methods. The "top down" approach usually leads to a very broad size distribution. The 
"bottom up" method is classified as chemical method. Here, nanoparticles are prepared from 
atomic or molecular precursors. This method allows forming nanoparticles in a highly 
controlled manner. 
 
Figure 2. Schematic of methods to prepare metal nanoparticles [43]. 
One of the first models used to describe the nanoparticle formation was given by LaMer in 
1950. LaMer and co-workers illustrated the production of monodispersed sulfur sols by the 
decomposition of dilute sodium thiosulfate in dilute hydrochloric acid [44]. Figure 3 shows 





is the generation of sulfur. During this so called pre-nucleation stage, the amounts of sulfur 
increase to the critical concentration (ccrit). The (ccrit) is the minimal concentration for 
nucleation. The concentration of sulfur is still increasing up to the point of super-saturation 
(cmax) which is considered as the maximal concentration for nucleation. No additional 
nucleation will happen if the concentration of sulfur lowers below the level of minimum 
super-saturation. The third step represents the growth stage, where the sulfur concentration 














Figure 3. LaMer model of the sulfur sols [44]. 
Various sub-methods of using the Bottom-up approach have prevailed because of the 
controlled growth. Selected methods which are widely applied in the synthesis of 
nanoparticles will be described in the following section [45]. 
2.1.1.1 Chemical reduction 
 
As early as 1857, Faraday investigated the synthesis of a colloidal gold solution by reduction 
of HAuCl4 with phosphorus [46]. One of the first reproducible procedures for the preparation 
of metal colloids in solution was established by Turkevtich et al. in the early 1950s [47-49]. 
They prepared 20 nm gold particles by reduction of [AuCl4]
-
 with sodium citrate. 
Additionally, they were the first to propose a mechanism for the stepwise formation of 






Figure 4. Formation of nanostructured metal colloids by reduction of metal salt [47-49]. 
The polyol process is a method which is often applied for the preparation of nanoparticles 
with controlled shape and size. The polyol method was first introduced by Fievet et al. for 
preparation of e.g. gold, palladium, iridium, osmium, copper, silver, cobalt, lead, or cadmium 
nanoparticles [50, 51]. In this process, nanoparticles are prepared by reduction of an inorganic 
metal precursor in liquid polyol. The polyol acts as both, solvent and reducing agent. 
Common choices of polyol involve ethylene glycol, 1,2-propylene glycol, and 1,5-pentane-
diol. Ethylene glycol exhibits a high boiling point (197 °C) which allows the synthesis of 
nanoparticles in a wide temperature range [52]. One advantage of a polyalcohol over other 
reducing agents such as sodium borohydride or other boranes is that ketones and carboxylic 
acids are formed as oxidation products, which can be easily separated from the reaction 
solution [53, 54]. The mechanism of platinum or ruthenium nanoparticle formation in 
ethylene glycol was proposed to involve the reduction of metal ion (M
n+
) to metal zero (M
0
) 
while ethylene glycol get oxidized to glycolic acid. Furthermore, it was proposed that 
hydroxide ions (OH
-
) are required to generate acetate ions (glycolate) which could act as 
stabilizing agent for the metal nanoparticles (Pt or Ru NPs) in ethylene glycol [55, 56]. It is 
worth pointing out that the polyol method doesn’t require any special equipment and it can be 
used to synthesize different nanoparticles even in relatively high concentration compared to 
other methods. 
2.1.1.2 Electrochemical synthesis 
 
Reetz et al. [57] have developed an electrochemical method for the synthesis of mono- and 
bimetallic nanoparticles since 1994. The principle of this method can be briefly described as 
follows: i) oxidative dissolution of the metal anode, ii) transfer of the metal ions to the 
cathode, iii) the reduction of the metal ion to metal zero at the cathode, iv) nucleation of 
particles followed by growth, vi) control of the growth step and stabilizing of the formed 





the same steps will be followed but using two metal anodes simultaneously instead of one. 
The advantage of the electrochemical method is the avoidance of contaminating by-products 
which are formed from chemical reducing agent and the simple isolation of the products from 
the precipitate. 
2.1.1.3 Reduction of organic ligands in organometallic precursors 
 
This method was used to prepare metallic nanoparticles using the low valence of a metal 
complex. The ligands can be reduced with either hydrogen or carbon monoxide. The reduced 
ligands leave the metallic center. Thus, this method leads to formation of cluster of metal 
atoms [58]. 
2.1.1.4 Thermal decomposition  
 
The thermal decomposition of organometallic compounds in high boiling organic solvents in 
the presence of stabilizing surfactants leads to the formation of nanoparticles. One major 
advantage is the high crystallinity and mono-dispersity of the prepared nanoparticles [59]. 
2.1.2 Nanoparticle stabilization 
 
Metallic nanoparticles have a high ratio of surface area to volume. Thus, they have an excess 
surface free energy corresponding to the lattice energy. This makes them thermodynamically 
unstable in solution. Therefore, protective agents are essential in order to be able to 
outbalance the attractive van der Waals forces. The stabilization can be achieved in three 
different ways. The first type is electrostatic stabilization (e.g. inorganic or organic ions). The 
anions and cations in the solution derived from the starting materials will be connected with 
the nanoparticle. This leads to an electrical double layer around the particle, the resulting 
Coulombic repulsion prevents the nanoparticles from agglomeration. The second type of the 
stabilization is steric. For instant, nonionic polymers or surfactants could prevent the 
agglomeration of the nanoparticles mainly due to the adsorption of the large molecules. The 
third type of NPs stabilization is by electrosteric forces (e.g. ionic surfactant or polymers-
polyelectrolytes) [60]. This type of stabilization is a combination of both effects (steric and 
electrostatic). Selections of stabilizers (e.g. linear polymers, dendrimers, and ligands), which 





2.1.2.1 Linear polymers  
 
Linear polymers are widely utilized as stabilizers. A common stabilizer in NPs preparation is 
poly (N-vinyl-2-pyrrolidone) (PVP) because it is harmless and soluble in many polar solvents. 
PVP mainly stabilizes the nanoparticles through steric effects of its framework. PVP could 
interact with the surface of the nanoparticles through polymer functional groups (C=O, C-N) 
[60, 62]. Figure 5 shows the stabilization of nanoparticles by PVP. Two protective shells 
could be formed around the formed nanoparticles. The first shell is created by adsorption of 
PVP on the surface of the nanoparticles. The second shell might be less ordered than the first, 
with the PVP dissolving freely in the suspension [45].  
            
Figure 5. Schematic illustration of PVP protected metal nanoparticles [45]. 
2.1.2.2 Dendrimers  
 
Dendrimers are hyper-branched macromolecules which can support the stability of a 
nanoparticle especially if a heteroatom is incorporated. Most dendrimers employed as 
stabilizer for nanoparticle synthesis, are nitrogen-based e.g. poly (propylene imine) (PPI) and 
poly(amido amine) (PAMAM) [63], which is the most commonly used dendrimer. However, 
the major drawback of dendrimers is their limited solubility, which greatly limits their utility. 
PAMAM, for example, is only soluble in few solvents, such as water, alcohols, and weak 
acids in low concentrations. The instability of dendrimers at a high temperature of 150 °C to 
300 °C is considered as disadvantage as well [64, 65]. Furthermore, the dendrimers are not 
favored economically because they are costly. 
2.1.2.3 Ligands  
 
Ligands are widely utilized as protecting agent for the nanoparticle. Typically, the ligands 





between the ligand and the surface of the metal, with the organic chain of the ligand 
preventing the NPs from agglomeration [5, 66]. There are different types of ligand and some 
of these involve phosphines [67], thiols [68, 69], or amines [70]. 
2.1.3 Palladium nanoparticles: synthesis and application 
 
Noble metals and especially palladium (Pd) play an important role in chemical synthesis, and 
pollution abatement. Palladium is widely used as heterogeneous and homogenous catalyst in 
many industrial applications e.g. in cleaning of automobile exhaust, the synthesis of vinyl 
acetate or the hydrogenation of acetylene [71]. The first successful example of palladium-
catalyzed aerobic oxidation of secondary alcohols to ketones was reported by Blackburn and 
Schwartz in 1977 [25]. Further successful studies of oxidations with palladium catalysts were 
reported for e.g. glycerol [26], α,β-unsaturated alcohols [27], benzyl alcohol [28], and 2-
hexanol [18].  
Palladium nanoparticles can be prepared using different methods as described before in 
Section  2.1.1, applying different Pd salt precursors, reducing agents, and stabilizers [6, 72]. 
Sawoo et al. synthesized Pd NPs by reduction of a Pd precursor (K2PdCl4) in water with a 
fisher carbene complex using polyethylene glycol (PEG) as stabilizer agent. They stated that 
the size of Pd NPs decreased as the molar ratio of the PEG to Pd increased in the synthesis 
solution [73]. Ramirez et al. [54] have synthesized palladium nanoparticles by hydrogenation 
of tris (dibenzylideneacetone)dipalladium [Pd2(dba)3] in tetrahydrofuran (THF) using organic 
ligands (polyphosphines).  
Baumgard et al. [74] synthesized PVP protected Pd NPs using Na2PdCl4 as Pd precursor by 
the polyol method (ethylene glycol acts as solvent and reducing agent). Additionally, he 
studied the influence of the reaction parameters on the particle size in batch e.g. molar ratio of 
NaOH to Pd, Pd precursor concentration, molar ratio of Pd to stabilizer (PVP), and the 
reaction temperature. The variation of the initial concentration of Pd salt did not show any 
increase or decrease in the particle sizes. It was stated that this behavior was unexpected 
because the available amount of Pd salt should have a strong influence on the concentration of 
palladium atoms in solution. Thus, at low Pd concentrations, the critical nucleation 
concentration would be difficult to reach according to the LaMer theory and this should lead 
to the formation of a larger particles. In the presence of HCl the Pd NPs were only formed at 
very high temperatures. While in presence of NaOH, Pd NPs could be obtained at lower 





100 °C in the range 10-500 mM using 20 mM Pd. The results showed that a large particle size 
was obtained if the NaOH concentration was < 30 mM, otherwise smaller particles were 
formed. With 250 mM NaOH, particle sizes started to increase probably by aggregation of the 
formed particles. This was attributed to a decrease of the stabilization effect of PVP. At a very 
high NaOH concentration of 500 mM, a black precipitate was observed and the synthesis 
solution decolorized. Thus, the change in the molar ratio of NaOH to Pd ratio had the 
strongest influence on the particle size of the Pd NPs. In contrast, the other parameters studied 
had only a minor influence on the particle size. Furthermore, the OH
-
 concentration in the 
synthesis solution affected the rate of the Pd reduction and also on the temperature at which 
the palladium ion could be reduced [74]. 
2.1.4 Bimetallic nanoparticles: synthesis and application 
 
Bimetallic nanoparticles consist of two metals and they have gained a special academic and 
industrial research interest. It is known that bimetallic catalysts often have a better catalytic 
performance in comparison with their monometallic counterparts [75, 76]. During the past 
years, bimetallic Pd-M (M= metal) catalysts have been successfully applied in different 
oxidation reactions. As examples, Pd-Au catalysts have shown interesting catalytic 
performances in various oxidation reactions e.g. 1-phenylethanol [77], ethanol [78], and 
glycerol [30]. Pd-Ag based materials also showed superior catalytic performances in e.g. the 
electrocatalytic oxidation of ethanol [79], glycerol oxidation [80], and benzyl alcohol 
oxidation [81]. In addition, Pd-Cu catalysts have been successfully applied oxidation 
reactions e.g. electro catalytic oxidation of methanol [82] and formic acid [83].  
The influence of bimetallic catalysts on the reaction could be ascribed to different factors e.g. 
each metal might promote different initial reaction steps (bi-function effect), electrons might 
be transferred from one metal to the other, and by assemble effect, i.e. the specific group of 
surface atoms developed by geometric growth [76, 84-86]. Various synthesis routes were 
employed for the preparation of bimetallic nanoparticles. Selected methods include:  
 Co-reduction: The principle of this method is based on mixing of two different metal 
salts and reducing them simultaneously [43]. 
 





 Successive reduction: The principle of this method is based on the addition of the 
second element onto previously formed monometallic nanoparticles. This method is 
usually carried out to prepare ‘core-shell’ structured bimetallic nanoparticles [43]. 
 
Figure 7. Schematic view of preparation of bimetallic nanoparticles by successive-reduction. 
 
The structures of bimetallic nanoparticles can be divided into different types e.g. core-shell, 
random alloy, or cluster in cluster [87]. In the type which is termed as core-shell structure, the 
core will be formed from one metal and the other metal will locate around the core to 
configure a shell. The structure random-alloy could be formed if the two different metals 
which have similar atomic sizes are randomly located. In another configuration, named 
cluster-in-cluster, a nano-cluster is formed by one metal with the second metal surrounding 
the nano-cluster and acting as binder. This is considered to be a modified type of the core-
shell structure [43]. The mentioned types are showed in Figure 8.  
 
Figure 8. Various structure models of bimetallic nanoparticles. 
 
Generally, different factors could affect the type of the structure of bimetallic nanoparticles 
e.g. the preparation method, reaction conditions, or the reduction kinetic of each element 
(redox potential) [88, 89]. As examples, the Pd(core)-Au(shell) could be synthesized by the 
addition of the dissolved pre-formed palladium nanoparticle in hexane solution to the gold 
salt (HAuCl4.3H2O) containing solution in presence of 1-octadecene and oleylamine [90]. 
Pd(shell)-Au(core) were synthesized by a sonochemical method [91]. The authors stated that 
the physical effects of the ultrasound could affect the formation of the core/shell structure 
[91]. Another interesting study was reported by Kuai et al. [92]. They stated that a simple 
method of hydrothermal co-reduction route could be used to synthesize the bimetallic Pd-Au 
nanoparticles in different structures (alloy or core-shell) depending on the addition of 
cetyltrimethylammoniumbromid (CTAB). When CTAB was added to the reaction, the 





formed. The reason was attributed to the poor reductive potential of the PVP comparison to 
CTAB. Thus, the reduction rate of both metals will be different to be with Au being reduced 
first and Pd being reduced secondly [92]. Pd(core)-Ag(shell) nanoparticles were successfully 
synthesized by the reduction of silver salt on the surface of Pd particles in presence of 
formaldehyde [93]. An alloy structure of PVP-protected Pd-Cu nanoparticles was synthesized 
by refluxing a glycol solution of copper hydroxide and palladium [94, 95]. 
2.1.5 Methods of catalyst preparation  
 
Heterogeneous supported catalysts can be prepared using different methods. In conventional 
catalyst preparation, the support can be impregnated with a metal precursor [3, 4]. The 
formation of the metal particles onto support takes place under heating in reductive or 
oxidative atmosphere, often named calcination. Thus, a broad size distribution will be formed. 
The difficulties of this method include the reproducibility of the catalyst preparation, because 
the metal particles are formed in the presence of the support, so that metal morphology and 
dispersion are strongly affected by the nature and surface structure of the support. 
Nevertheless, this method was widely used because of its low cost and simplicity [3, 4]. 
Another method which could be used to prepare heterogeneous supported catalysts is the 
deposition of pre-formed metal nanoparticles onto different supports. This method promises a 
much higher control of the particle size with narrow size distribution and morphology 
independent on the used support [96]. It provides the opportunity to study the influence of the 
support on the catalytic reaction isolated from the other factors [7, 8, 97]. Different methods 
to deposit pre-formed metallic nanoparticles are known, such as direct colloidal deposition, 
colloidal deposition by surface modification, via ion exchange, using flame spraying 
techniques, and Langmuir-Blodgett techniques [5].  
The support could e.g. create additional active sites which might lead to bi-functional 
catalysts (e.g. by oxygen vacancies), increase the mechanical resistance, stabilize the metal 
particle size against alteration in the structure and the shape of the metal nanoparticles, 
increase the metal dispersion due to its high surface area, transfer charge from/to the metal 
nanoparticle, and adsorb intermediate reaction species [98, 99]. 
Different types of support have been used in heterogeneous catalysis including transition 
metal oxides, silica, zeolite, activated carbon, pillared clays, red mud, polymers, and black 
carbon [100]. Carbon supports are very important in catalysis and are often used because of 





However, the low reactivity of the carbon surface makes it difficult to deposit metals on it. 
Therefore, pre-treatment of the carbon support in oxidizing environment is recommended to 
introduce oxygen containing surface groups, thus enhancing the interaction with the metal 
[100]. Supporting materials made of metal oxides do not require this pre-treatment and are 
therefore beneficial in that respect.  
2.1.6 Catalyst deactivation 
 
The critical issue in industrial catalytic processes is the loss of the catalytic performance 
(activity and/or selectivity) during the reaction [101]. Several studies were focused on the 
reasons of catalyst deactivation [102]. In particular, in the case of liquid-phase oxidation of 
alcohols, four major reasons were found to be responsible for the deactivation of the catalyst. 
 Oxygen poisoning 
This phenomenon refers to blocking of surface by strongly adsorbed oxygen species. This 
could happen when a high amount of oxygen is introduced. This effect is also known as 
“over-oxidation” and could be classified as irreversible deactivation [103].  
 Chemical poisoning 
The catalyst could be poisoned or deactivated by the adsorption of the substrate, reaction 
intermediates or/and by-products which could be formed during the reaction on the active 
sites of the catalyst. Chemical poisoning is classified as reversible deactivation because the 
adsorbed products on the catalyst might be removed via washing of the catalyst [103].  
 Leaching 
The term leaching refers to the loss of the active metal species by migration into liquid phase. 
Leaching is an irreversible deactivation. Different factors could affect the amount of metal 
leaching e.g. high pH values. Noteworthy, metal leaching could be avoided or at least 
minimized by adding a second metal as promoter [104] 
 Sintering 
The term sintering refers to a loss of the active surface resulting from agglomeration and 
coalescence of small particles [104]. Sintering is classified as irreversible deactivation and 
could occur for supported and unsupported metal catalysts. Different factors could lead to an 







2.1.7 Removal of linear polymer stabilizers from supported catalyst 
 
As already stated in section  2.1.2, stabilizers prevent nanoparticles from aggregation during 
synthesis but can reduce their catalytic activity by blocking the active sites at the same time. 
Therefore, different methods were developed to remove the stabilizer from the catalyst 
surface (Table 1). Treatment with hot water was performed on a PVA stabilized Au/TiO2 
catalyst (Entry 1, Table 1). Various analytical techniques showed that PVA was partially 
removed and a slight increase of the particles size was observed depending on the treatment 
time [105]. UV-ozone was utilized to remove the capping agent PVP from Pt nanoparticles 
(Entry 2, Table 1). Various analytical techniques confirmed the absence of PVP as well as a 
change in shape and spatial distribution of the nanoparticles [106]. Different solution mixtures 
were reported to remove the capping agent PVP by washing the catalytic material several 
times with a mixture of ethanol and n-hexane followed by heating (Entry 3, Table 1) [107] or 
with a mixture of H2O2/H2SO4 (Entry 4, Table 1) [108]. Furthermore, calcination procedures 
[109, 110] as well as treatment with UV/H2O2 [111] were developed for this purpose (Entries 
5-7, Table 1). Plasma treatment was also investigated as method to remove the PVP stabilized 
Pt NPs (Entry 8, Table 1) [112]. 
 
Table 1. Selected methods for removing PVP from supported catalysts. 
Entry Stabilizer Metal Method Ref. 
1 PVA Au reflux in water [105] 
2 PVP Pt UV-ozone [106] 
3 PVP Pt washing by (EtOH: n-hexane) and then heating 
at 300 °C 
[107] 
4 PVP Pt washing by H2O2:H2SO4 [108] 
5 PVP Au/Pd calcination (oxidation at 400 °C and reduction 
at 200 °C) 
[109] 
6 PVP Pt calcination (oxidation and reduction at 200 °C) [110] 
7 PVP - UV-H2O2 [111] 












2.2 Catalytic selective liquid phase oxidation 
2.2.1  Selective oxidation of 5-hydroxymethylfurfural 
 
5-Hydroxymethylfurfural (HMF) is an essential chemical because it is a versatile building 
block and potential availability from carbohydrates by acid catalyzed dehydration of 
carbohydrates e.g. fructose or glucose (Scheme 2) [9-12].  
 
Scheme 2. Synthesis of 5-hydroxymethylfurfural (HMF) [113]. 
 
5-Hydroxymethylfurfural is considered as platform building block and, after its reduction or 
oxidation, as a potential starting material for several industrial applications [114]. 2,5-
Furandicarboxylic acid (FDCA, Scheme 3) which can be formed by oxidation of HMF, is 
considered as one of the twelve most potentially useful biomass derived chemicals [13], and 
might be used as a renewable intermediate for polymers, fine chemicals, pharmaceuticals and 
agrochemicals [14]. In this reaction, 5-hydroxymethyl-furan-2-carboxylic acid (HMFCA) and 
5-formyl-furan-2-carboxylic acid (FFCA) could occur as intermediates (Scheme 3).  
 
Scheme 3. Formal reaction scheme of the aerobic HMF oxidation in presence of base [115]. 
A main disadvantage of this reaction is the necessity of a base in the reaction mixture. The 
base plays an essential role in deprotonating the alcohol group and preventing the deactivation 
of the catalyst by adsorption of 2,5-furandicarboxylic acid (FDCA) because FDCA is hardly 
soluble in base-free aqueous solution [116]. However, at the same time the substrate HMF is 
highly instable in water at high pH values, i.e. in the presence of a base [117]. Under these 
conditions, HMF undergoes several side reactions involving ring opening to form products 
like levulinic acid and formic acid. Those HMF degradation products lead to the formation 






Scheme 4. HMF degradation pathway [119]. 
Previously, the selective oxidation of HMF to FDCA was studied using a stoichiometric 
oxidant like KMnO4 [120], highly polluting catalysts such as Pb catalyst [121] and 
homogeneous metal salts such as Co/Mn/Br at high pressure (70 bar air) [122]. 
Heterogeneous catalysts were also applied for the selective oxidation of HMF using molecular 
oxygen. The influence of the molar ratio HMF/metal, temperatures, and oxygen pressures 
were reported with and without the addition of homogeneous base. 
Reported conditions and FDCA yield for oxidation of HMF on monometallic catalysts in the 
presence of homogenous base are summarized in Table 2. 
Davis et al. [23] have compared reaction rate and product distribution over the supported 
metal catalyst Pd/C, Pt/C, Au/C, and Au/TiO2 (Entry 1). Compared to the Pd and Pt materials, 
the gold catalysts showed a reaction rate an order of magnitude higher under the given 
reaction conditions (6.9 bar O2, room temperature). However, here, the major product was 
HMFCA while Pt and Pd delivered FDCA as major product. The authors reported that a 
higher base concentration (OH
-
) and oxygen pressure was required to improve the selectivity 
of the gold catalysts towards the desired product FDCA. 
Gorbanev et al. [116] reported the selective oxidation of HMF to FDCA over Au/TiO2 at 
room temperature. Increasing oxygen pressure from 10 to 20 bar enhanced the yield of FDCA 
up to 71 % at full conversion of HMF. Here, about 4 % leaching of gold species was detected 
and hence a decrease of the conversion by 5 to 10 % was observed in the recycle experiments. 
Casanova et al. studied differently supported gold catalysts, such as Au/TiO2, Au/CeO2, 
Au/C, and Au/FeO2 [123]. Among the catalysts mentioned, the best results were obtained for 
Au/CeO2 (96 % yield of FDCA at full HMF conversion, Entry 3). Furthermore, the 
recyclability of the catalyst was successful only when the oxidation reaction was performed at 
room temperature for 4h. During this time, all HMF was converted to HMFCA and HMF 
degradation was avoided and then increasing the temperature up to 130 °C was necessary to 
oxidize HMFCA further to FDCA. In this way the catalyst was reusable three times, 





products in the initial stage. However, a significant decrease of the FDCA yield to 81 % was 
observed in the 4
th
 run. 
Table 2. Reported conditions and yield of FDCA in HMF oxidation over monometallic catalysts in 
presence of base. 















1 Pd/C 79 150:1 2:1 25 6 6.9 0.15 [23] 
2 Au/TiO2 71 100:1 4:1 30 18 20 0.10 [116] 
3 Au/CeO2 96 640:1 4:1 130 7 10
1
 0.15 [123] 
1 air, water as solvent, ≥99 % HMF conversion. 
 
Bimetallic catalysts were also used in the selective oxidation of HMF to FDCA with addition 
of homogeneous base (Table 3). 
Pasini et al. [119] have reported the HMF oxidation of on an Au-Cu/TiO2 catalyst (Entry 1). 
This bimetallic catalyst showed higher activity, better stability and resistance against 
poisoning compared to their monometallic counterparts, which was attributed to a strong 
synergistic effect (Entry 1). In the recycling experiments, a fast deactivation of the Au/TiO2 
catalyst was observed. The authors stated that the monometallic catalyst had lost oxidative 
activity quickly and after the second run it was totally poisoned and started to polymerize 
rather than oxidize the reactants. In contrast, the bimetallic Au-Cu/TiO2 catalyst was reused 5 
times without losing activity but with a slight decrease of FDCA yield. Thus, the bimetallic 
catalyst remained catalytically active because of the presence of the second metal (copper) in 
the active phase. 
Ait Rass et al. [124] have reported the selective oxidation of HMF over a Pt-Bi/C catalyst 
(Entry 2). The presence of bismuth (Bi) as promoter in the catalyst prevented the Pt catalyst 
from deactivation (oxygen poisoning). In addition, the group studied the nature of base by 
keeping the pH of the reaction solution constant. The authors stated that by using Na2CO3 the 
activity clearly increased compared to using NaHCO3 while strong HMF degradation was 






Table 3. Reported conditions and yield of FDCA in HMF oxidation over bimetallic catalyst in presence of 
base. 















1 Au-Cu/TiO2 99 100:1 4:1 95 4 10 0.1 [119] 
2 Pt-Bi/C 99 100:1 2:1 100 3 40
1
 0.1 [124] 
1
air, water as solvent, ≥99 % HMF conversion. 
´ 
 
Table 4 summarizes reported conditions and FDCA yield in the oxidation of HMF without the 
addition of a base.  
Gupta et al. [125] used differently supported gold catalysts, such as Au/HT, Au/Al2O3, Au/C 
and Au/SiO2 (Entry 1, Table 4). Hydrotalcite (HT, [Mg8-xAlx (OH)16(CO3
2-
)].nH2O) is 
considered to be a basic support and among these catalysts Au/HT delivered the highest yield 
of FDCA (99 %) at full conversion. Even though leaching of gold was not detected, a slight 
decrease of the FDCA yield was observed in consecutive runs (from 99 % in first run to 90 % 
in third run). 
Gorbanev et al. [126] have reported a number of catalysts based on Ru(OH)x in the TiO2, 
Al2O3, Fe3O4, ZrO2, and CeO2. The best result was obtained using CeO2 as support (Entry 2, 
Table 4). Additionally, the catalyst was reusable. Magnesium-based carrier materials [spinel 
(MgAl2O4), magnesium oxide (MgO) and hydrotalcite (HT)] were also studied in the HMF 
oxidation by Gorbanev et al. [127]. High yields of FDCA were achieved with Ru(OH)x 
containing catalysts on HT and MgO (99 and 87 %, respectively) whereas the spinel 
(MgAl2O4) supported catalyst delivered only 38 % yield of FDCA after 6 h. However, 
compared to the spinel material the HT and MgO catalysts turned out to be less stable due to 
leaching of Mg ions into the solution. Here, the authors stated that the stability of HT 
observed by Gupta et al. (Entry 1, Table 4) is due to the mild reaction conditions (ambient 
oxygen pressure and elevated temperature).  
Generally, the advantage of using metal species supported on basic materials is to produce 
carboxylic acids rather than their salts form, which is beneficial in economic and 







Table 4. Reported conditions and yield of FDCA in HMF oxidation over monometallic catalysts without 
addition of base. 













1 Au/HT 99 40:1 95 7 50
1 
0.16 [125] 
2 Ru(OH)x/CeO2 36 20:1 140 6 2.5 0.05 [126] 
3 Ru(OH)x/HT 99 20:1 140 6 2.5 0.05 [127] 
1
mL/min, water as solvent, ≥99 % HMF conversion. 
 
Davis et al. [129] have reported oxidation steps for the selective oxidation of HMF in the 







to investigate the source of the oxygen in the products (Scheme 5).  
However, the first step involved a reversible hydration of the aldehyde group of HMF to a 
germinal diol via nucleophilic attack of hydroxide ions (OH
-
) to the carbonyl group and then 
the proton will be transferred from the water to the formed alkoxy ion intermediate. The 
second step involved the dehydrogenation of the formed germinal diol intermediate, aided by 
the hydroxide ions (OH
-
) adsorbed on the metal surface, to form the carboxylic acid product 
(5-hydroxymethyl-furan-2-carboxylic acid, HMFCA) which is present as carboxylate in 
alkaline solution. Here, two water molecules and two electrons were produced where the 
electrons are deposited on the metal surface of the catalyst. In third step, an alkoxy 
intermediates is formed after the deprotonation of the alcohol group by hydroxide ion. Then, 
the alkoxy intermediate reacts to the aldehyde, formally by loss of hydride. Two water 
molecules and two additional electrons were produced in the step 3. The fourth step involved 
a reversible hydration of the aldehyde to the germinal diol (as occurred in the step 1). In the 
fifth step involved the dehydrogenation of the formed germinal diol, aided by the hydroxide 
ion adsorbed on the metal surface catalyst, to produce the carboxylic acid (2,5-
furandicarboxylic acid, FDCA), which is present as carboxylate in alkaline solution, with 
liberating two electrons and two water molecules. However, six electrons were produced 
during this mechanism and deposited on the metal surface of the catalyst. The results showed 
that 
18
O2 atoms were incorporated in HMFCA and FDCA products when the oxidation is 
performed in H2
18
O. It was stated that the water employed as oxygen source. The oxygen is 
not involved in this mechanism because it was found that the oxygen served as electron 






Scheme 5. Oxidation steps for HMF oxidation in alkaline aqueous solution on Pt or Au catalysts [129]. 
2.2.2 Selective oxidation of glycerol  
Up to now, the production of energy is mostly dependent on crude oil [130]. Renewable 
energy has attracted a significant interest with the depletion of petroleum reserves. Biodiesel 
is a substitutional diesel fuel, which is derived from biological sources e.g. vegetable oil or 
animal fat [131, 132]. Crude glycerol is an essential by-product of biodiesel formation in the 
trans-esterification process of glyceride (Scheme 6) [15].  
 
Scheme 6. Production of glycerol [131]. 
 
Glycerol (GLY) is a versatile multifunctional molecule and can undergo a manifold of 
reactions, such as hydrogenolysis [133], dehydration [134], pyrolysis [135], transterification 
esterification [136, 137], etherification [138], oligomerization [139], polymerization [140], 





Scheme 7 shows general reaction pathways of the glycerol oxidation. It becomes obvious that 
the oxidation of glycerol can follow multiple routs. Oxidation of the primary alcohol group of 
glycerol forms glyceraldehyde (GLYHD) which can be oxidized to glyceric acid (GLYA). 
Further oxidation delivers tartonic acid (TA). Oxidation of the secondary alcohol group of 
glycerol leads to dihydroxyacetone (DHA). Further oxidation delivers hydroxypyruvic acid 
(HPA). Glyceraldehyde undergoes isomerization to dihydroxyacetone in alkaline aqueous 
solution. DHA and GLYHD can also be converted to lactic acid by dehydration and 
subsequent 1,2-hydride shift of the keto-enol tautomerization intermediates. Additionally, C-
C cleavage can occur during glycerol oxidation to form C-2 and C-1 products, such as 
glycolic acid (GOA), oxalic acid (OXA), acetic acid (AA), formic acid (FA), CO and CO2.  
 
Scheme 7. Proposed pathways of glycerol conversion [30, 32, 35]. 
The mechanism of glycerol oxidation to glyceric acid was proposed by Zope et al [142]. The 





O) in presence of base. They stated that O2 did not play a role in the 
mechanism which is consistent with HMF oxidation mechanism described above. The 
unlabeled glyceric acid was formed when 
18
O2 was used while the 
18
O atom was detected in 







The role of molecular oxygen in the catalytic cycle was to regenerate the hydroxide ion rather 
than produce atomic oxygen by dissociation. Scheme 8 represents the role of O2 in the 
oxidation of glycerol where (*) is a site of the metal surface of the catalyst. The first step is 
the reduction of the molecular oxygen. This step regenerates the hydroxide ions. Step 2 is 
involved the disproportionation of the peroxide into atomic oxygen and hydroxide on the 
surface of the metal catalyst. In the third step, the adsorbed peroxide on the metal surface 
could react with water on the metal surface of the catalyst to produce hydrogen peroxide and 
hydroxide. The forth step is the decomposition of hydrogen peroxide on the metal surface of 
the catalyst. The fifth step closes of the catalytic cycle by scavenging the electrons from the 
metal surface through the reaction between the adsorbed hydroxide with any metal hydrides 
found on the metal surface (step 5). However, the role of oxygen is essentially the scavenging 
of electrons deposited onto the metal surface of the catalyst, oxidizing metal-hydride bonds 
and OH
-
 regeneration [142].  
 
 
Scheme 8. The role of oxygen in glycerol oxidation [142]. 
2.2.2.1 Selective oxidation of glycerol to dihydroxyacetone  
 
Dihydrxoyacetone (DHA) is one of the products that can be obtained by selective oxidation of 
glycerol. DHA is considered as an important product due to its application in cosmetics, 
especially as an active ingredient in sunless tanners.  
Synthesis of DHA from oxidation of glycerol was performed using mono- and bimetallic 
catalysts applying different reaction conditions (Table 5) 
The production of DHA by oxidation of GLY was reported without addition of base on e.g. an 
alloyed Pd-Ag/carbon (Entry 1) or a Pt-Sb/MWCNT (Entry 2) catalysts [80]. The studies 
revealed that compared to monometallic Pd/C the glycerol conversion was significantly 





that Ag prevents the deactivation of the active Pd catalyst. Additionally, the author found that 
selective oxidation to DHA was possible with Pd-Ag on metal oxides, such as TiO2. 
However, this catalyst was less selective than Pd-Ag on carbon. In the recycling experiments, 
a decrease in the activity was observed but the selectivity toward DHA stayed almost 
unchanged [80].  
The Pt-Sb/MWCNT was more active and selective toward DHA compared to Pt-Bi/MWCNT 
and Pt/MWCNT catalysts. Moreover, the C-C cleavage products were clearly minimized on 
Pt-Sb/MWCNT catalyst. The differences in the catalytic behavior of the prepared catalysts 
were attributed to the structure and morphology of the catalysts. Where the antimony (Sb) 
was homogenously incorporated into the lattice of Pt an alloy structure of Sb and Pt catalyst 
was formed. In contrast, the Pt particles were wrapped in a layer of Bi2O2CO3 in a Pt-Bi 
catalyst. In the recycling experiments on Pt-Sb/MWCNT, the activity was slightly decreased 
in the fifth cycle but the selectivity toward DHA remained unchanged in all runs [143].  
Interestingly, the DHA could be produced from oxidation of GLY in acidic media (pH was 
adjusted to 2 by addition of HCl) on Pt-Bi/C catalyst (Entry 3,Table 5) [144]. The bimetallic 
catalyst was optimized in terms of Pt/Bi ratio on various supports. The optimized composition 
was 3 % Pt-0.6 % Bi supported on charcoal [144].  
In other studies it was found, that the presence of base to form DHA from GLY oxidation is 
necessary on e.g. a monometallic Au/MWCNT (Entry 4) or an alloyed Au-Pt/C catalyst 
(Entry 5). The monometallic Au supported on AC (activated carbon) delivered glyceric acid 
as main product while using Multi-walled carbon nanotubes as support led to produce DHA 
as main product under the same reaction conditions (Entry 4). Hence, the type of support 
affected the products distributions [145]. A platinum promoted gold catalyst delivered an 
enhanced DHA selectivity (36 %) compared to that achieved with a monometallic Au catalyst 









Table 5. Reported conditions and selectivity of DHA in GLY oxidation. 















1 Pd-Ag/C 52 84 500:1 base-free 24 3 0.5 [80] 
2 Pt-Sb/ 
MWCNT 
90 51.4 - base-free 2 150
2
 1 [143] 
3 Pt-Bi/C 80 60 - pH= 2 8 3 1 [144] 
4 Au/ 
MWCNT 
50 60  - 2:1 - 3 0.3 [145] 
5 Au-Pt/C 50 36 2460:1 pH =12 6 10 1.5 [146] 
2
 mL/min, as the reaction temperature of 80 °C for (Entries 1 and 4) and 60 °C (Entries 2-3, and 5). 
2.2.2.2 Selective oxidation of glycerol to glyceric acid  
Glyceric acid (GLYA) is also an essential product that can be obtained by GLY oxidation. It 
serves as an intermediate for further oxidation products such as tartonic acid (TA, Scheme 7) 
and mesoxalic acid (MOXA). The formation of glyceric acid from glycerol was widely 
studied using different catalysts at various reaction conditions with and without addition of 
base. Table 6 summarizes the reported conditions and GLYA selectivity for the oxidation of 
glycerol to glyceric acid. 
The production of GLYA from oxidation of GLY was reported without base addition on e.g. a 
Pt/HT (Entry 1), an Au (core)-Pt (shell)/MgO (Entry 2), Pt/MWNTs (Entry 3), Pt/C (Entry 4), 
or Au-Pt/H-mordenite (Entry 5).  
The Pt/HT catalyst showed a high selectivity for the reaction to glyceric acid (Entry 1). The 
activity of the catalyst was greatly affected by the Mg/Al ratio of the supporting material 
where an increasing activity was observed at increasing molar ratios of Mg/Al in the 
hydrotalcite [147]. Even though the Au(core)-Pt(shell)/MgO catalyst exhibited the same 
particle size and structure compared to Au(core)-Pd(shell)/MgO but it turned out to be more 
active and selective toward glyceric acid (Entry 2). The reusability tests on Au-Pt/MgO 
catalyst showed a decrease in the activity and GLYA selectivity as well [31]. 
The production of GLYA in base-free solution was not only achieved with the catalyst 





In particular, Gao et al. [148] compared a Pt on activated carbon and multi walled carbon 
nanotubes under base–free conditions at 60 °C. The Pt/MWNTs catalyst was more active and 
selective due to easier accessibility of the active Pt sites on the external wall of the support 
(Entry 3). In contrast, the study reported by Liang et al. showed the possibility of having a 
high selectively for the reaction to glyceric acid, by optimization of the particle size of 
catalyst (Entry 4). The author prepared differently sized carbon supported platinum 
nanoparticles in the range of 1.2 to 26.5 nm. It was found that Pt NPs with a size of less than 6 
nm were more active and selective with a good recyclability compared to particles >10 nm 
[149]. 
Villa et al. [150] studied the influence of the support on the glycerol oxidation in base free 
aqueous solution. The alloyed Au-Pt on an acidic support (H-mordenite) showed better 
activity and selectivity toward glyceric acid comparable with another support e.g. activated 
carbon, TiO2, or MgAl2O4. Moreover, the C-1 products (e.g. formic acid, CO2, and CO) were 
also minimized (Entry 5). 
The production of GLY from oxidation of GLY was reported with base addition on e.g. an 
Au/charcoal (Entry 6), Au/TiO2 (Entries 7 and 8), Au-Pt catalyst/C (Entry 9), or Pd/C (Entry 
10). No conversion of GLY on the Au/charcoal was observed in the absence of base. Thus, a 
molar ratio of NaOH to GLY (1:1) was required to perform the oxidation reaction efficiently 
(Entry 6). Additionally, it was found that the reaction rate is depended on the oxygen pressure 
where higher glycerol conversions were obtained at higher oxygen pressures [151]. 
The influence of the reactor configuration on the glycerol oxidation on an Au/TiO2 using a 2:1 
molar ratio of NaOH to GLY was studied by Zope et al. (Entry 7) [128]. The product 
distribution depended on the reactor system, due to the differences in the contact between gas, 
liquid and solid. A substantial amount of tartonic acid (TA) and oxalic acid (OXA) were 
detected in fixed bed system compared with batch reactor. Entry 7 in Table 6 shows results 
from the batch experiment [128]. 
Dimitratos et al. [152] studied the effect of the synthetic method (deposition-precipitation 
versus sol immobilization method) and reduction method (calcination versus chemical 
reduction) on the catalytic activity of Au/TiO2 materials in the glycerol oxidation using a 4:1 
molar ratio of NaOH to GLY. It was reported that the catalytic activity depends on the choice 
of the reduction method and the type of protecting agent (PVA, THPC) during Au NPs 
synthesis. The highest activity was obtained with Au/TiO2 prepared at low temperatures 





Bianchi et al. [29] compared the catalytic performance of mono- and alloyed bimetallic 
catalysts based on Au, Pd and Pt supported on carbon at a higher molar ratio of NaOH to 
GLY (4:1). The bimetallic catalyst showed better catalytic results compared to the 
monometallic materials. Particularly, an Au-Pd catalyst was more selective towards glyceric 
acid than an Au-Pt catalyst (Entry 9). 
Garcia et al. [26] studied the effect of the pH value over different metal catalysts (Entry 10). 
A selectivity of 70 % towards glyceric acid was achieved at a complete conversion on Pd/C at 
a pH value of 11. Pt/C delivered only 55 % selectivity towards the desired product under the 
given reaction conditions. 
 
Table 6. Reported conditions and selectivity of GLYA in GLY oxidation. 















1 Pt/HT 55 78 800:1 base-free 6 10
1
 0.1 [147] 
2 Au-Pt/MgO 42 85 500:1 base-free 2 3 0.3 [31] 
3 Pt/ 
MWCNT 
70 69 450:1 base-free - 150
1
 1 [148] 
4 Pt/C 50 47 - base-free 6 150
1
 1 [149] 
5 Au-Pt/H-
mordenite 
70 83 500:1 base-free 8 3 0.3 [150] 
6 Au/ 
charcoal 
56 100 538:1 1:1 3 3 1 [151] 
7 Au/TiO2 83 61 8000:1 2:1 3 11 0.3 [128] 
8 Au/TiO2 50 81 500:1 4:1 - 3 0.3 [152] 
9 Au-Pd/C 90 69 500:1 4:1 3 3 0.3 [29] 
10 Pd/C 100 70 - pH=11 4 1 1 [26] 
1
 mL/min, water as solvent, as the reaction temperature of 60 °C for (Entries 1- 2, 5- 6 and 9- 10), 23 °C 







2.2.2.3 Selective oxidation of glycerol to lactic acid  
 
Lactic acid (LA, 2-hydroxy propionic acid, Scheme 7) is considered as an important platform 
chemical in many applications in the food, cosmetic, and pharmaceutical industries [16]. 
Various approaches were applied to synthesize lactic acid, involving hydrothermal methods 
[153-155], hydrogenolysis [156], chemical fermentation routes [157-159], and selective 
oxidation [32-35]. Selective oxidation allows the reaction to proceed under mild reaction 
conditions in contrast to hydrothermal and hydrogenolysis methods.  
The synthesis of LA by selective oxidation of GLY is rather challenging due to the 
glyceraldehyde (GLYHD) intermediate and its isomer dihydroxyacetone (DHA) (Scheme 7), 
which are sensitive to further oxidation. In many cases primarily glyceric acid (GLYA) is 
formed without any significant formation of lactic acid (LA) [148]. Table 7 summarizes 
reported conditions and LA selectivity for the oxidation of GLY. 
A high LA selectivity of ≥ 80 at approximately full conversion was obtained using a high 
molar ratio of NaOH to GLY (4:1) on Au-Pt/TiO2 (Entry 1), Au-Pt/CeO2 (Entry 2) and 
Au/CeO2 (Entry 3).  
The bimetallic catalyst Au-Pt/TiO2 (Entry1) showed a superior stability during the recycling 
experiments compared to monometallic counterparts (Au or Pt). It was stated that the 
interaction of Au with Pt avoided the agglomeration of Au particles and the poisoning of Pt 
site by oxygen as well [32]. The reusability of the catalyst Au-Pt/CeO2 (Entry 2) or Au/CeO2 
(Entry 3) was successfully demonstrated four times without significant loss in the LA 
selectivity. 
Recently, the formation of lactic acid (LA) by selective oxidation of glycerol was investigated 
under acidic conditions (Lewis acid, AlCl3) on Au-Pd/TiO2 (Entry 4). The Au-Pd/TiO2 
catalyst gave a very low GLY conversion and LA selectivity connected with the formation of 
large amount of CO2. When AlCl3 was present, GLY conversion and LA selectivity was 
improved. At the same time small amounts of CO2 were formed. It was stated that the 
synergistic roles between the Lewis acid (AlCl3) and Au-Pd/TiO2 had an influence on the 








Table 7. Reported conditions and selectivity of LA in GLY oxidation. 















1 Au-Pt/TiO2 99 85.3 -
3 
90 - 1 0.2 [32] 
2 Au-Pt/CeO2 98 80 680:1 90 3.5 5 0.17 [33] 
3 Au/CeO2 99 83 - 100 - 150
1
 - [34] 
4 Au-Pd/TiO2
2
 13.6 66.6 2500:1 160 2 10 1 [35] 




10 mM AlCl3. 
 
3 
2.5•10-3 mmol.  
 
However, the selective oxidation of HMF or GLY isn’t yet industrially applicable for many 
reasons. One of the major difficulties is that highly active and selective catalysts, which at the 
same time show a high stability, remain elusive. Furthermore, despite base is often necessary 
in the reaction mixtures, it isn’t favored economically and environmentally. Without base, the 
reaction usually proceeds slowly or might not at all. In some cases, the oxidation reactions 
were performed in base-free solution by using e.g. a high amount of catalyst, but this process 
isn't economically favored. As supports, carbon and basic supports were mostly used, when 
oxidation reactions were performed in base-free solution. The stability of a basic support in 
aqueous solution is also considered as challenge. Thus, the aim of this work is to provide a 
better understanding of single steps in the development of supported catalysts with pre-
formed palladium nanoparticles in order to obtain active and selective catalysts for these 

















3. Characterization  
 
Many characterization techniques were used to characterize the catalysts such as the X-ray 
diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), small angel X-ray scattering (SAXS), X-ray photoelectron spectroscopy (XPS), BET 
measurement, and UV- visible spectroscopy (UV-Vis). The basic principle of each technique 
briefly explained as the following:  
3.1 Powder X-ray diffraction 
Powder X-ray diffraction (XRD) analysis gives information about the phase composition, the 
crystallinity and the mean crystallite size of the NPs. 
The X-ray was first discovered by Wilhelm Roentgen in 1895. Much later on in 1912, Max 
von Laue has discovered the X-ray diffraction [160]. The generation of X-rays occurs by 
heating the filament in a cathode ray tube. The X-rays will be filtered using an X-ray filter in 
order to produce monochromatic radiation and then collimated to one trend before hitting the 
specimen. The wavelength of the X-ray radiation should be in the range of interatomic 
distances of the crystals. Thereby, X-ray is diffracted on the lattice atoms of the specimen. 
Depending on the angle a constructive or destructive interference could occur. The occurrence 
of constructive interference is described according to Bragg law (equation 1). 
 
                            (1) 
 
This law describes the relation between interplanar spacing d, the diffraction angle  and the 
wavelength of the incident X-ray (). Comprised of reflex intensity and reflex angle pattern 
are unique for each crystalline material. The composition of the mixtures of different phases 
could be determined by using the database. The crystallite size can be calculated from the 
peak width with the Scherrer formula (equation 2) [161]. 
 
                (2) 
 
Where K = the scherrer’s constant, B = the full width at half maximum of the diffraction 






3.2 Transmission electron microscopy 
Transmission electron microscopy (TEM) provides information about the particle size, shape, 
chemical composition, and element distribution of samples from biological to organic and 
inorganic materials including nanoparticles (NPs). 
In the transmission electron microscopy, the sample is transmitted by electrons. The source of 
the electrons mostly is field emission (Schottky emitter or cold field emission) or simple 
thermal emission (LaB6 cathode) accelerated by voltage up to 400 kv. This ensures a strong 
shortening of the wavelength of the electrons, whereby the resolution is much higher than 
with visible light. Then the electron beam will be parallelized by a condenser lens system, so 
that the sample is evenly lit. In the sample, a part of the electron is scattered, and this is 
subjected to the mechanism of Rutherford scattering. Two types of the scattering occur, the 
elastic (kinetic energy of the electron is the same) and the inelastic (kinetic energy of the 
electrons decreases). The other part of the electrons passes through the sample without 
unimpeded. The images or diffraction pattern can be obtained through various lenses and 
apertures [162]. Currently, the use of scanning methods increasingly gets more importance. 
Due to Cs-correctors, it is possible to get atomic resolution for high angle annular dark field 
and annular bright field measurements. These methods give new insight into the field of 
nanoparticles smaller than 1 nm down to single heavy atoms at supports like those which are 
used in the catalyst preparation. Atoms with higher electron density and larger sample 
thickness help to create a greater decrease of the primary beam intensity. In the dark-field 
mode, the primary beam is not detected by a ring detector or a diaphragm, electrons are used 
only for imaging [163]. 
3.3 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a powerful technique for studying the surface of the 
specimen because this technique is capable of providing a better resolution compared to 
optical microscope. The SEM measurement is based on scattered electrons, which is in 
contrast to the TEM measurement. In the SEM, the sample is scanned by electrons. The 
source of these electrons is mostly a tungsten filament or a simple thermal emission 
Lanthanum hexaboride (LaB6) accelerated by voltage (e.g. 20 kV). The electron beam will be 





the specimen. Different signals will be generated when the electron beam hits the sample. The 
secondary electron (SE) and backscattered electrons (BSE) are the two signals usually utilized 
to produce the SEM images. Both signals (SE and BES) could be collected in the case of 
applying a positive voltage to the collector screen in front of the detector. But in the case of 
applying a negative voltage, the BSE signal will be only captured because the low energy of 
SE is rejected. And then the captured electrons are magnified and could be used to produce 
SEM image [164].  
3.4 Small-angle X-ray scattering 
Small-angle X-ray scattering (SAXS) analysis provides information about the particle size 
and size distribution of NPs directly in solution without any pre-treatment. This feature is 
considered as the major advantage of using SAXS analysis because it makes it possible to 
avoid any effects on particles size during the pretreatment [165-167]. SAXS analysis is based 
on elastic collisions. This effect happens due to the interaction between the incident x-ray and 
specimen and leads the reflected X-ray to be scattered in all orientations. If the reflected X-
rays intervene with another one then the constructive interference will occur depending on the 
angle. The occurrence of the constructive interference could be described by Bragg law [168].  
 
                              (3) 
 
Where n = any integer,  = wavelength, d = the vector acting the displacement between 
reflection sites, = the angle between the reflected x-ray and the plane formed by the surface 
of the material. 
In SAXS analysis, the total intensity of the radiation I (q) which is scattered by a dispersion of 
particles is expressed by: 
 
               
                
(4) 
Where R = the particle radius, Dn(R) = the number of particles of size R, m(R) = the integral 
over the excess scattering length density over the surrounding medium of a particle of size R. 
   Indicates to the differences between the scattering length of a particle and the matrix and 





      
  
 
     
(5) 
p (q,R) indicates to the normalized scattered intensity of a single, spherical particle of size R 
and the shape factor as well. The p (q,R) is formulated as: 
 
        
                      





The q indicates to the scattering vector and is defined in the term of scattering angle ( and 
the wavelength of the irradiation (equation 7).  





The volume weighted distribution function Dv (R) was evaluated according to the equation 8, 
assuming a spherical shape of particles where R is the radius of a sphere. 
              
   (8) 
3.5 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is considered as one of the most common surface 
analytical techniques. It provides information for the materials in the near-surface region (<20 
nm) e.g. oxidation state of the elements and surface composition. XPS could detect the 
elements which have atomic numbers ≥ 3. X-ray photoelectron spectroscopy (XPS) has a long 
history. XPS is based on the photoelectric effect which was discovered by Albert Einstein in 
1905 [169]. Much later on in 1960, Kai Siegbahn has developed this technique into a useful 
tool for chemical analysis using high resolution electron spectroscopy. XPS is also known as 
electron spectroscopy for chemical analysis (ESCA) which was introduced by Kai Siegbahn.  
 
In XPS, the irradiation of the atoms by X-ray causes an emission of electrons, so-called 
photoelectrons with a certain kinetic energy dependent on their binding energy and the energy 
of the used X-rays. The kinetic energy is measured by an electrostatic analyzer. The binding 







                              (9) 
Where the E binding = the binding energy of the electron, E photon = the characteristic energy of 
X-ray being used, E kinetic = the kinetic energy of the ejected electron, and   = the work 
function. 
3.6 BET measurement 
BET (Brunauer, Emmett and Teller) is the most common method used to get information 
about the specific area of a solid. BET theory is based on the physical adsorption of the gas on 
the solid materials. Commonly, the adsorbate gas is the nitrogen (N2) [171]. The BET concept 
is considered as an extension of the Langmuir theory (monolayer) to multilayer adsorption. 
There are different hypotheses in the BET theory which describe the physical adsorption such 
as i)- each site of the material has the same nature and could accept one adsorbed molecule, 
and hence the surface is homogenous, ii)– no interaction between the adsorbed molecules, 
iii)-the adoption energy is identical for all layers. The BET equation is expressed by [172]: 
 
 
                
  
   










Where p = the partial vapour pressure of the adsorbate gas in equilibrium with the surface, p
0
 
=saturated pressure of adsorbate gas, Va = the volume of gas adsorbed at standard temperature 
and pressure, Vm = the volume of gas adsorbed at standard temperature and pressure to form a 
monolayer on the specimen surface and c = the BET constant, which is formulated as: 
 
     




Where E1and E2 = the heat of adsorption for first and higher layers, respectively. 
 
The total surface area (SA) is evaluated by:  
 
        
  
 
    
(12) 
Where NA = the Avogadro’s number, V= the molar volume of adsorbent gas and Am = the 
cross-sectional area. 
The specific surface area SSA (m
2










Where (a) indicates the mass of adsorbent. 
3.7 UV-Vis spectroscopy 
UV-Vis spectroscopy or absorption spectroscopy is widely used in different fields such as 
nanomaterial science. It provides information about the electronic structure of the 
nanoparticles [92] and the structure of the bimetallic nanoparticles like an alloy or a core/shell 
[92, 93]. 
In the UV-Vis, the interaction of the beam with the sample causes electronic transition from 
the ground state (low-energy state) to the excited one (high-energy state). The energy 
difference between the ground state and excited state affects the position of the maximum 
absorption band and the intensity of the molecules. Additionally, the interaction between the 
beam and electronic system could affect the intensity of the absorption band. 
A convenient expression which connects the absorbance with path length is Lambert-Beer 
Law. According to this law the concentration of the sample could be calculated by [173] : 
 
   
  
 
      
(14) 
Where I = the intensity of the transmitted radiation, I0 = the intensity of the incident radiation, 
 = the molar absorption coefficient, c = the concentration of absorbing species, l = the path 
length of the absorbing solution. 
A strong and broad band could be detected in the UV-Vis spectra for the metallic 
nanoparticles (> 2 nm). This called a surface plasmon band (SPB), and it is also known as 
Mie resonances originated from Gustave Mie who is the most famous in SPB theory. The 
incoming light interaction with the nanoparticles results in a global scattering. Thus, the 
surface plasmon band is attributed to the collective electron charge oscillations of the excited 
metal nanoparticles by light [174]. There are many factors which affect the shape and the 
intensity of the surface plasmon band such as the electronic interactions between the 
stabilizing ligands and nanoparticle, the dielectric constant of the surrounding medium, shape, 
and monodispersity of the NPs. Particles of Au, Ag, or Cu exhibit very clear surface plasmon 






4. Experimental Part 
4.1 Materials 
Sodium tetrachloropalladate(II) (Na2PdCl4, >98 %), polyvinylpyrrolidone (PVP) K30 and 
gold(III) chloride trihydrate (HAuCl4·3H2O) were purchased from Sigma-Aldrich. Silver 
nitrate (AgNO3) and ethylene glycol (EG, >99.5 %) were purchased from Merck and Fluka, 
respectively. Copper (II) chloride anhydrous (>99 %) was purchased from Acros Organics. As 
supports P25 (TiO2, Evonik), Pural MG 30, MG 61, MG 70 (Sasol), γ-Al2O3 (Alfa Aesar), 
KF/Al2O3 (Sigma-Aldrich) and ZrO2/La2O3 (MEL, 7 wt % La2O3) were used. All chemicals 
were used as received. 
4.1.1 Synthesis of polyvinylpyrrolidone protected palladium nanoparticles 
 
Palladium nanoparticles (Pd NPs) were synthesized in a round bottom flask equipped with a 
reflux-condenser under argon. Sodium tetrachloropalladate (Na2PdCl4) and 
polyvinylpyrrolidone (PVP, monomer unit = 111.4 g/mol) were dissolved in ethylene glycol 
at room temperature. The Pd salt containing solution was heated up to 90 °C and NaOH 
dissolved in ethylene glycol (0.5 M) was added quickly. After 3 h at 90 °C with 800 rpm the 
black solution was cooled and stored at ambient temperature. For the synthesis of Pd_4, the 
same procedure was applied but the NPs formation was carried out at 25 °C. Here, after 24 h 
the NPs containing solution was filled up to 25 mL of ethylene glycol. Table 8 summarizes 
the synthesis parameters of monometallic NPs.  
 
Table 8. Synthesis conditions of Pd NPs. 












1 Pd_1 1:1 3:1 100 90 20 3 
2 Pd_2 2:1 3:1 100 90 20 3 
3 Pd_3 4:1 3:1 100 90 20 3 
4 Pd_4 2:1 3:1 25 25 27.6 24 







4.1.2 Synthesis of bimetallic nanoparticles starting from pre-formed Pd NPs 
 
To 10 mL of Pd_3 NPs (20 mM) was added 50 mL acetone and centrifuged for 15 min at 
3500 rpm. The Pd NPs/PVP precipitation was separated from the mixture by decantation and 
re-dissolved in 10 mL ethylene glycol adjusted to a pH of 11 by NaOH in EG (0.5 M). To 
prepare bimetallic nanoparticles an appropriate volume of a 20 mM metal salt dissolved in 
ethylene glycol (Vprecursor) was added under stirring (800 rpm) by a Hamilton syringe pump 
with a flow rate of 1 mL/h. Table 9 summarizes the synthesis parameters of bimetallic NPs. 
 
Table 9. Synthesis conditions of bimetallic Pd-M nanoparticles. 









10:1 4:1 2:1 
1 HAuCl4·3H2O 1  
 
10 
25 X   
2.5  X  
2 AgNO3 1 90 X   
2.5  X  
5 90   X 
3 CuCl2 1 X   
2.5  X  
 T – Synthesis temperature. 
4.1.3 Deposition of mono and bimetallic Pd nanoparticles onto support 
 
For preparation of heterogeneous catalysts with 0.5 wt % Pd loading, 10 mL acetone was 
added to 2.3 mL of Pd_3 NPs (5.0 mg Pd). The NPs precipitate was separated from the liquid 
phase by centrifugation (3500 rpm for 10 min), re-dissolved in 10 mL ethanol and added 
within 1 h under stirring (800 rpm) to a suspension of 0.995 g support in 25 mL ethanol using 
a syringe pump. Deposition of NPs on the supports ZrO2/La2O3 and KF/Al2O3 were realized 
in 25 mL water instead of ethanol. The slurry was stirred until the NPs were completely 
deposited onto the support. Depending on the respective support, different time passed until 
the solution became clear, TiO2 (1h) < Al2O3, hydrotalcite (20h) < KF/Al2O3, ZrO2/La2O3 (48 
h). The solid material was then separated from the solvent by centrifugation (3500 rpm, 20 
min) and dried in an oven at 40 °C.  
The same procedure was used to deposit bimetallic Pd-M NPs (M= Au, Ag or Cu) onto TiO2. 





solutions (2.6, 2.9 and 3.6 mL = 5.0 mg Pd) were applied which contained nominal molar 
ratios of Pd to M of 10:1, 4:1, and 2:1 respectively. The deposition time was the same to those 
using monometallic Pd NPs. Figure 9 illustrates the preparation of the supported 
nanoparticles. 
 
Figure 9. Preparation of supported pre-formed nanoparticles. 
 
4.1.4 Thermal treatment of hydrotalcite support 
 
The thermal treatment of hydrotalcite (HTs_30) support was carried out in a tube furnace at 
300 °C for 5 hours, using a flow rate of 20 mL/min oxygen (>99.99 %) and 80 mL/min argon 
(>99.99 %). 
4.2 Oxidation of 5-hydroxymethylfurfural 
4.2.1 Materials 
 
5-Hydroxymethylfurfural (HMF, >99 %) and 2,5-furandicarboxylic acid (FDCA, >97 %) 
were acquired from Sigma-Aldrich, 5-hydroxymethyl-furan-2-carboxylic acid (HMFCA) was 
obtained from Santa-Cruz Biotechnology. 5-Formyl-furan-2-carboxylic acid (FFCA) was 
purchased from Endothermic Life Science Molecules, and oxygen (>99.99 %) was obtained 
from Air-Liquide. All chemicals were used as received. 
4.2.2 Reaction setup 
 
5-Hydroxymethylfurfural (HMF) oxidation was carried out in a 25 mL three-necked round 
bottom flask equipped with a reflux condenser. The reactor was charged with 0.4 mmol of 
HMF solved in 20 mL of water. The molar ratio of HMF to Pd was 100:1. The reactor was 
placed in a pre-heated oil bath (100 °C). After few seconds of oxygen flow an aqueous NaOH 
(0.5 M) was introduced through a septum. The oxygen flow rate was controlled by a mass 
flow controller (Bronkhorst) and aqueous NaOH (0.5 M) was continuously added to the 
reaction mixture using a Hamilton syringe pump. The parameters were changed appropriately 





described in each result. Optimized reaction conditions were: 90 °C reaction temperature, 35 
mL/min oxygen flow, and dosage of aqueous NaOH (0.5 M) with 1 mL/h. Figure 10 shows 
the experimental set up of the oxidation of HMF. 
 
Figure 10. Experimental set up of the oxidation of HMF. 
4.2.3 Analysis of the components in HMF oxidation 
 
The reaction mixtures were analyzed by HPLC. Monitoring the reaction progress, samples of 
50 µL were taken from the reaction mixture in regular time intervals using a 100 µl Hamilton 
syringe. The samples were diluted with a 0.2 % aqueous solution of H3PO4 and filled up to a 
volume of 10 mL. Then, the samples were centrifuged to remove the solid and subjected to 
HPLC analysis. Concentrations of products in the reaction solutions were calculated from 
calibration equations determined by HPLC measurements of reference substrates with known 
concentration. Table 10 summarizes the measurement conditions of HPLC analysis of the 
oxidation of HMF. 
Table 10. Parameters of HPLC analysis for HMF oxidation. 
Column Rezex ROA-Organic acid H
+
 (8%) (phenomenex) 
Eluent 0.2 % aq. H3PO4 
Temperature 25 °C 
Flow rate 0.8 mL/min 
Detectors Merck-Hitachi L-4500 diode array detector 
Auto sampler Merck-Hitachi AS-2000A 
Pump Merck-Hitachi L-6200A intelligent pump 
duration 40 min 
 
Calibration curves of the components in HMF oxidation are shown in Figure 47, Appendix. 






Table 11. Retention times (RT) and calibration factors (f) of the components in HMF oxidation. 













Evaluation criteria  
 
The concentration of the components (C, mmol/ml) in the samples during the HMF oxidation 
could be calculated from the peak area obtained from the HPLC/UV chromatogram using the 
following equation: 
Where AHPLC, UV = the peak area obtained from UV detector, f = the calibration factor, and 
200 = the dilution value of the samples (50 µl in 10 mL). 
 
The conversion of HMF, selectivity and yield of the products are calculated according to the 
following equations:  
Conversion of HMF (Xi):  
      
      
   
     
(16) 
Selectivity of product (Sj): 
       
  
      
     
(17) 
Yield of products (Yj): 
       
  
   
     
(18) 
Herein, Ci0 = the concentration of HMF at t = 0, Ci = the concentration of HMF at time t and 
Cj= the concentration of HMFCA, FFCA, or FDCA at time t in mmol/mL. 
   
              








Carbon mass balance (Mc) is calculated by: 
    
                             
                 
 
(19) 
4.3  Oxidation of glycerol 
4.3.1 Materials 
 
Glycerol (GLY, >99 %) and Glycolic acid (GOA, >99 %) were purchased from Acros 
organics. Oxalic acid (OXA, >99 %) and DL-Glyceraldehyde (GLYHD, >90 %) were 
purchased from Sigma-Aldrich while DL-glyceric acid (GLYA, 20 % in water) and 
Dihydroxyacetone (DHA, >98 %) were obtained from TCI and VWR, respectively. Lactic 
acid (LA, >99 %) and tartonic acid (TA, >99 %) were purchased from Fluka. Oxygen (>99.9 
%) was obtained from Air-Liquide. All chemicals and solvents were used as received. 
4.3.2 Reaction setup 
 
Glycerol oxidation was carried out in a small autoclave (25 mL, Parr). The reactor was 
charged with 9 mL aq. solution of GLY (5 mmol, 0.5 M), 21 mg of catalyst (molar ratio 
GLY:Pd = 5000:1) and aq. NaOH (10 M). After sealing, the reactor was pressurized with 
oxygen and then heated to the reaction temperature. During the experiment, the stirring rate 
was adjusted to 800 rpm (magnetic stirring). The parameters were changed appropriately in 
order to investigate the effect of reaction conditions. Details of the reaction conditions are 
described in each result. Figure 11 shows the experimental set up of glycerol oxidation. 
Optimized reaction conditions were: 100 °C reaction temperature, 5 bar of oxygen, and 1 mL 
aqueous solution of NaOH (10 M). 
 





4.3.3 Analysis of the component in glycerol oxidation 
4.3.3.1 HPLC analysis 
 
The reaction mixtures were analyzed by HPLC. After an appropriate reaction time, the reactor 
was cooled down, 250 µl of reaction mixture was taken out and diluted with 5 mM aqueous 
H2SO4 to 10 mL. Then, samples were centrifuged to remove the solid and subjected to HPLC 
analysis (Merck/Hitachi). Table 12 summarizes the parameters of HPLC analysis. 
Table 12. Parameters of HPLC analysis for GLY oxidation. 
Column Rezex ROA-Organic acid H
+
 (8%) (phenomenex) 
Eluent 5 mM aq. H2SO4 
Temperature 75 °C 
Flow rate 0.5 mL/min 
Detectors UV-Vis and refractive index (RI) 
Auto sampler Merck-Hitachi AS-2000A  
Pump Merck-Hitachi L-6200A intelligent pump 
Duration 30 min 
 
Calibration curves of the components in GLY oxidation are shown in Figure 48, Appendix. 
The calibration factor and retention times of each component in the GLY oxidation are 
summarizes Table 13 . 
Table 13. Retention times (RT) and calibration factors (f) of products in GLY oxidation. 











Glyceric acid 265759 12.32 
Glyceraldehyde 56535 14.61 
Glycolic acid 88973 13.97 



















The quantification of glycerol (GLY) and dihydroxyacetone (DHA) in the reaction mixture is 
a challenge in the development of the analytical method because the products have nearly 
similar retention times. Therefore, a method was developed using simultaneously ultraviolet 
detector (UV) and refractive index detector (RID). 
 
Due to the UV inactivity of glycerol, dihydroxyacetone (DHA) was quantified by evaluation 
of the recorded HPLC peaks in the UV range accurately (equation 20). 
 
      = 
            
      
 (20) 
  
Where ADHA, UV = the peak area of DHA obtained from UV detector, f = the calibration factor 
of DHA obtained from UV detector, and 40 = value of the dilution (250 µl in 10 mL). 
 
Next, the determined concentration of dihydroxacetone (DHA) in the sample could be used to 
calculate the peak area of DHA in the RID chromatogram by: 
 




Where f = the calibration factor of DHA from RID. 
The area of glycerol can be subtracted from the total area and the RID-HPLC area of 
dihydroxyacetone. Then, the glycerol concentration can be calculated by: 
 
      
                           












The conversion of glycerol, selectivity and yield of the products are calculated using the 
following equations: 
Conversion of GLY (Xi): 
       
      
   
        
 
(23) 
Yield of products (Yj): 
       
  
   
           100 
 
(24) 
Selectivity of product (Sj): 
       
  
      
              
 
(25) 
Where Ci0 = concentration of GLY at t = 0, Ci = concentration of GLY at time =t and Cj= 
concentration of lactic acid, glyceric acid, tatronic acid, glycolic acid, oxalic acid, or acetic 
acid at time t in mmol/L and s.f. = the stoichiometric factor. 
 
Turnover frequency (TOF) refers to the molar ratio of converted substrate to catalyst per 
hours. Thus, TOF is expressed by: 
      
                    




Carbon mass balance (Mc) was calculated as: 
 
 
    
                           
                 
 
(27) 
Where CC-3 = the concentration of the C-3 products (lactic, glyceric and tatronic acid), CC-2 = 
the concentration of the C-2 products (glycolic and oxalic, and acetic acid), and CC-1 = the 





4.3.3.2 NMR analysis 
 
The quantification of lactic acid (LA), formic acid (FA) and glyceraldehyde (GYHD) in the 
reaction mixture is a challenge in the development of the analytical method by HPLC because 
the products have nearly similar retention times. Therefore, the NMR analysis was 
additionally used. However, selected reaction mixtures were quantified by 
1
H NMR using a 
Bruker AV 400 spectrometer at 400.13 MHz and 25 °C. The aqueous reaction solutions 
(mixture of H2O and D2O) contained a known amount of maleic acid (0.25 M) which was 
used as reference for the concentration determination. The spectra were acquired with 30° 
pulses, at least 64 transients and a repetition time of 30 s, because maleic acid has a slow 
longitudinal relaxation behavior [176]. It proved to be essential to apply a thorough individual 
baseline correction to all resonance signals, this procedure provided better and more 
consistent results than solvent suppression by pre-saturation.  
Chemical shifts (δ) are given in parts per million (ppm) and the coupling constants in Hz. 
Signal multiplicities were termed as follows: s (singlet), d (doublet), t (triplet), q (quartet), dd 
(double doublet), tt (triple triplet). 
The following signals were assigned to the components (1H-NMR spectrum was shown in 
Figure 49, Appendix):  
FA, δ = 8.45 ppm (s, 1H); maleic acid, δ = 6.04 ppm (s, 2H); TA, δ = 4.34 ppm (s, 1H); LA, δ 
= 4.11 ppm (q, 
3
J = 6.9 Hz, 1H), 1.32 ppm (d, 
3
J = 6.9 Hz, 3H); GLYA, δ = 4.08 ppm (dd, 3J 
= 5.9 Hz, 
3
J = 3.3 Hz, 1H), 3.81 ppm (dd, 
3
J = 3.3 Hz, 
2





J = 11.8 Hz, 1H); GOA, δ =3.94 ppm (s, 2H); GLY, δ = 3.76 ppm (tt, 3J = 6.5 Hz, 3J 
= 4.3 Hz, 1H), 3.64 ppm (dd, 
3
J = 4.3 Hz, 
2
J = 11.7 Hz, 2H), 3.55 ppm (dd, 
3
J = 6.5 Hz, 
2
J = 












5. Results and Discussion 
5.1 Synthesis and characterization of catalysts  
5.1.1 Synthesis and characterization of monometallic Pd NPs  
 
The colloidal Pd NPs were synthesized by the reduction of the PdCl4
2-
 precursor in ethylene 
glycol using a small batch reactor at different molar ratios of NaOH to Pd (1:1, 2:1, and 4:1) 
in presence of polyvinylpyrrolidone (PVP) as a stabilizing agent of (Pd/PVP = 1/3 mol/mol) 
(Section  4.1.1). The presence of a low amount of (PVP) was necessary to protect the formed 
NPs from aggregation and it is independent on the used NaOH/Pd molar ratios.  
 
Small angle X-ray scattering (SAXS) analysis was used to characterize the synthesized NPs. 
The SAXS measurements were done directly from the NPs synthesis solution without any 
pre-treatment. Figure 12a represents the scattering profile of the synthesized Pd NPs at 
different molar ratios of NaOH:Pd. The scattering profile of Pd_1 (NaOH:Pd = 1:1 mol/mol) 
is clearly different from Pd_2 or Pd_3 which were prepared at a higher molar ratio. The 
volume weighted particle radii distribution obtained by fitting of the scattering curve with the 
IFT method assuming spherical particle shape is shown in Figure 12b. The maximum of the 
volume weighted particle radii distributions (DvR) was 0.9 and 1 nm for NPs prepared at 4:1 
and 2:1 molar ratios of NaOH to Pd respectively (Entries 2-3, Table 14). The maximum is 
shifted to 3.0 nm (Entry 1, Table 14) and the size distribution increased markedly with 
decreasing the molar ratio of NaOH:Pd up to (1:1). 
It was reported that increasing the basicity of the NPs synthesis solution by increasing the 
molar ratio of NaOH:Pd led to a smaller particle size [177]. This was attributed to the high 
reduction rate of metal ions, since the concentration of the metal atoms in the solution is more 
and thus reaching the critical concentration quickly. This results in a fast nucleation of the 
metal atoms. 
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Figure 12. Smeared scattering profiles of Pd NPs prepared at different NaOH:Pd ratios (symbols) and 
results of curve fitting using the IFT method (solid line) – (a) and the corresponding volume weighted 
particle radii distributions - (b). 
 
Other techniques which could be used to characterize the synthesized Pd NPs are the powder 
X-ray diffraction (XRD) and transmission electron microscopy (TEM). In both techniques, 
the NPs cannot be measured directly from the synthesis solution; pre-treatments were required 
(in contrast to SAXS). 
The XRD pattern of the prepared Pd NPs is shown in Figure 13. All the three prepared NPs 
showed a diffraction peak at about 40° corresponding to the (111) lattice plane of metallic Pd. 
An indication of the formation of a larger crystallite size with fcc structure (PDF [00-087-
0637]) for Pd_1 (synthesized at a molar NaOH:Pd ratio of 1:1) is the presence of additional 
diffraction peaks of (200) and (220) lattice planes at ca. 47.5° and 67° respectively. The mean 
crystallite size of the NPs was calculated according to the Scherer equation (Entries 1, Table 
14). In contrast, if the molar ratio of NaOH to Pd increased, a smaller crystallite size with a 
mean diameter of 2.0 nm for Pd_2 (prepared at 2:1 molar ratio of NaOH to Pd) and 1.8 nm for 
Pd_3 (prepared at 4:1 molar ratio of NaOH to Pd) were formed (Entries 2-3). These results 
confirmed the obtained results from SAXS concerning the influence of the NaOH:Pd molar 
ratio on the particle size. 


















Figure 13. XRD pattern of Pd NPs prepared at different molar ratios of NaOH:Pd of 4:1, 2:1, and 1:1 for 
Pd_3, Pd_2, and Pd_1 respectively. 




The TEM images of the Pd NPs are shown in Figure 14. All the three synthesized Pd NPs 
possess approximately a spherical shape. The histogram of the particle size distribution 
derived from TEM images (as inserted in Figure 14) showed that the mean diameter increased 
as the molar ratio of NaOH:Pd decreased. These findings are comparable with the results 
obtained from XRD and SAXS. In addition, the histogram of particle size distribution of the 
synthesized NPs also showed that the width of the particle size distribution increased 
markedly for Pd_1 (synthesized at the lowest molar ratios of NaOH:Pd = 1:1). 
 
Figure 14. TEM images and the corresponding histograms of the particle size distributions of Pd NPs 
prepared at different molar ratio of NaOH:Pd of 4:1, 2:1, and 1:1 for a) Pd_3– 4:1 (98 particles), b) Pd_2– 
2:1(133 particles), and c) Pd_1 – 1:1(144 particles). 
 
The particles size of (Pd_2 or Pd_3) obtained from TEM is in agreement with that obtained 
using other techniques (XRD and SAXS). In contrast, the particles size for the Pd_1 obtained 
from TEM is clearly smaller (Entry1, Table 14). This could be attributed to the fact that a 
volume weighted size distribution was derived from SAXS and XRD while a number 
weighted particle size distribution was obtained from TEM [178]. However, no significant 
effects were observed on the size distribution of the synthesized NPs during the sample 
preparation for XRD and TEM measurements. Thus, all these methods could be used to 
obtain information about the size of the synthesized NPs in the solution.  
Table 14. Characteristics of the prepared nanoparticles. 








1 Pd_1 1:1 3.0 6.3 4.41.6 
2 Pd_2 2:1 1.0 2.0 1.90.7 
3 Pd_3 4:1 0.9 1.8 1.80.5 
5.1.2 Synthesis and characterization of supported monometallic Pd NPs 
 
The heterogeneous catalysts were prepared  by the direct colloidal deposition method [96]. In 
the presented work, the Pd NPs were added slowly using syringe pump at constants flow rate 




(10 mL/h) under stirring at atmospheric conditions. The slow addition could provide a better 
dispersion of the nanoparticles on the surface of the support.  
The Pd NPs used in the preparation of heterogeneous catalysts are those named Pd_3 
(prepared at a 4:1 molar ratio of NaOH:Pd). The Pd_3 NPs were chosen depending on their 
catalytic performance in the selective oxidation of HMF which will be discussed later in detail 
(Section  5.2.1.2).An indication that most of the Pd NPs were deposited onto the support is the 
change in the color of the solution containing PVP protected Pd NPs (with support in solvent) 
from dark brown to almost colorless. Depending on the support used, different times were 
passed till the solution became approximately colorless (Table 15). The deposition of NPs 
onto titanium oxide (TiO2) was successfully accomplished using water or ethanol as a solvent 
in a short time of 1 h. In contrast, a longer time of 24 h was needed for [HT (MG =30, 61, and 
70) and (-Al2O3)] and about 48 h for [KF/Al2O3 and ZrO2/La2O3]. Since the deposition of 
NPs on a KF/Al2O3 and a ZrO2/La2O3 in ethanol was unsuccessful, water was used as a 
solvent. However, the comparison of the deposition times of NPs and the point of zero charge 
(p.z.c.) of the used support (p.z.c: TiO2 = 6-7 [179]; ZrO2/La2O37 (determined from 
measurement of the zeta potential, Section  7.1.8, Appendix); -Al2O3 = 8-9 [179]) showed 
that no correlation between the deposition time and p.z.c. Similarly, it was previously 
reported that the Au NPs deposition time did not depend on the p.z.c. of the specific support. 
Fast Au NPs deposition was observed on TiO2, while other supports (e.g. -Al2O3 and ZrO2) 
showed longer deposition times [180]. The negative charge of the protecting agent 
(polyvinylalcohol) was suggested to be a reason for the independence of the Au NPs 
adsorption time from the p.z.c [180]. Additionally, it was reported that the adsorption of the 
Au NPs on TiO2 was better than on ZrO2 for 2 nm negatively polarized Au NPs at pH < IEP 
(IEP - isoelectronic point) due to a higher number of positively charged hydroxyl surface 
groups on TiO2. It was assumed that the adsorbed layer of ligands, necessary for stabilization 
of the Au NPs in solution, was destroyed during the adsorption process. Furthermore, various 
factors could affect the adsorption process of the NPs beside electrostatic interactions e.g. van 
der Waals interactions [8]. 
Characteristics of the freshly Pd NPs based materials are summarized in Table 15. BET 
surface of the Pd catalysts after NPs deposition was slightly lower than the corresponding 
unloaded support due to a low nominal Pd loading (0.5 w %). These findings are in 
accordance with the reported literature [126]. The BET surface of a Pd/KF/Al2O3 catalyst was 
obviously higher than the unloaded support counterparts. This observation might be ascribed 




to the loss of KF from the alumina surface which increases the accessibility of the pores for 
nitrogen (the loss of KF from the alumina surface will be discussed later in details, Section 
 5.2.2.1). The mean pore size of TiO2, ZrO2/La2O3, and -Al2O3 was 17.5, 18, and 7 nm, 
respectively (see Table 15). Depending on the results, there is no correlation between the BET 
surfaces, pore volume, or pore diameter and the deposition time. The deposited Pd NPs onto 
supports are believed to be mainly located on the external surface of the support because of 
the small pore volume of (ZrO2/La2O3, TiO2) and the low pore diameter of (-Al2O3). 
Table 15. Characteristics of the freshly prepared Pd NPs based materials. 
















1 Pd_3 NPs   - -   1.8  0.5 
2 Al2O3    220 0.62 7  
3 Pd/Al2O3 EtOH 24 0.45 176   2.7  0.6 
4 KF/ Al2O3    25 0.06 
[181] 
  
5 Pd/KF/ Al2O3 EtOH -      
H2O 48 0.6 101   n.d.* 
6 TiO2    50 0.25 
[182] 
17.5  
7 Pd/TiO2 EtOH 1 0.53 35   2.1  0.7 
H2O 1 0.5 35    
8 ZrO2/La2O3    279 0.08 18  
9 Pd/ZrO2/ 
La2O3 
EtOH -  252    
H2O 48 0.39    2.6  0.5 
10 HT_30    147    
11 Pd/HT_30 EtOH 24 0.5 - n.d.*  2.2  0.4 
12 HT_61    25    
13 Pd/HT_61 EtOH 24 0.28 - n.d.*  2.3  0.7 
14 HT_70    14    
15 Pd/HT_70 EtOH 24 0.38 - n.d.*  2.0  0.6 
16 Cal.HT_30    98    
17 Pd/Cal.HT_30 EtOH 24 0.45 - n.d.*  n.d.* 
* not determined. 
STEM-HAADF images of the supported pre-formed Pd NPs are presented in Figure 15. A 
reliable finding of Pd on ZrO2/La2O3 could be obtained by element mapping with EDX due to 
the electron density of the ZrO2/La2O3 support (La: atomic number 57, Zr: atomic number 40) 
is higher and similar, respectively to the Pd (atomic number 46). A slight increase in the mean 




diameter of Pd NPs was observed during the deposition of NPs onto different supports by 
making a comparison between the histogram of the particle size distribution derived from 
STEM images (inserted in Figure 15) and that for the unsupported Pd NPs (inserted in Figure 
15a). The largest increase of Pd NPs was observed on the catalyst containing Al2O3 and 
ZrO2/La2O3 as supports where the mean diameter of Pd NPs was 2.7 and 2.6 nm, respectively 
(Entries 3 and 9, Table 15).  
A slight increase in the particle size after deposition was previously reported [183]. The 
distributions of Pd NPs were not always homogenous on the used support (STEM images, 
Figure 15). This might be attributed partly to the presence of the polymeric stabilizing agent 
PVP. In solution, PVP is able to form larger structures consisting of a great number of 
entangled PVP chains where the NPs are dispersed [184]. 
 
Figure 15. STEM-HAADF images and histogram of the particle size distribution of a)- Pd/TiO2 (99 
particles), b)-Pd/Al2O3 (80 particles), c)-Pd/ZrO2/La2O3 (53 particles), d)-Pd/HT_30 (97 particles), e)- 
Pd/HT_61 (93 particles), f)- Pd/HT_70 (97 particles). 
 
As mentioned before, the heterogeneous catalysts were prepared using PVP stabilized Pd NPs 
and the Pd NPs might be adsorbed on the support with and without direct metal-support 
interaction (see Figure 16). To gain information about how the Pd species would dominate on 
the support, additional experiments were conducted similar to the deposition of Pd NPs onto 
supports but in the absence of a metal. However, the supports e.g. TiO2, ZrO2/La2O3 or Al2O3 
were treated with pure PVP in water for 1 h (15.33 mg PVP in 10 mL water corresponding to 
2.3 mL PVP in NPs synthesis solution). The amount of PVP adsorbed on catalyst surface was 




estimated from the difference of carbon content in the aqueous solution before and after 
treatment of the support with PVP within 1 h. The results showed that on Al2O3, about 50 % 
of the available PVP amount was adsorbed after 1 h while on titania was only 7 %. No PVP 
adsorption was detected after 1 h on ZrO2/La2O3. Depending on these results, most of the 
deposited Pd NPs should be in direct interaction with the TiO2 (species ii) because the Pd NPs 
were completely adsorbed on the support after 1 h. On contrary, most of Pd NPs should be 
embedded in adsorbed PVP (species i) on Al2O3 compared to TiO2 because of the better 
adsorption of PVP on the Al2O3 surface. 
 
Figure 16. Formal scheme of Pd NPs species on the support surface. 
5.1.3 Synthesis and characterization of bimetallic nanoparticles  
 
The bimetallic nanoparticles (Pd-M NPs; M= Ag, Au, or Cu) were synthesized by a 
successive reduction method [43]. However, a second metal was added slowly by a syringe 
pump at a constant flow rate (1 mL/h) to the pre-formed PVP stabilized Pd NPs with a 
nominal molar ratios of Pd:M of 10:1, 4:1 and 2:1. Because of the slow addition of the 
solution of metal salt, the concentration of metal atom in the synthesis solution will be always 
low and, therefore, super-saturation of ethylene glycol solution with the metal atoms which 
leads to the formation of pure metallic NPs by homogeneous nucleation could be avoided. 
According to the approximate calculations [185, 186] (Section  7.2, Appendix), low amounts 
of second metal were used to modify the surface of the Pd NPs. Rough calculations showed 
that the ratio of the added metal atoms ( M= Ag, Au, or Cu) to the Pd surface atoms of 16 %, 
40 % and 80 % could be obtained by using a 10:1, 4:1, and 2:1 molar ratio of Pd to M, 
respectively. 
If the redox potential of the reducing agent is more negative than the oxidizer, then the 
reduction will be possible thermodynamically. The difference between the redox potential of 
the reducer and oxidizer should be higher than 0.3-0.4 eV, otherwise, the reduction will be 
slow and formation of NPs might not be possible [187]. It was reported that the reduction 
potential of the metals is not affected by the temperature, in contrast to the oxidation potential 
of ethylene glycol. However, an increase in the temperature leads to oxidation of the ethylene 




glycol at a lower potential [188]. In this respect, Pd-Cu nanoparticles were synthesized 





= 0.34 eV) is relatively low. Therefore, a high temperature is required to decrease 
the oxidation potential of ethylene glycol and hence make the difference between the 
reduction potential of the Cu precursor and the oxidation potential of ethylene glycol big 




 = 0.80 eV) is 
higher than that for copper but in order to provide a fast reduction of silver, the synthesis of 





1.52 eV) is clearly higher than those for copper and silver. Thus, room temperature was 
enough to reduce the gold in ethylene glycol [22].  
 
UV-Vis analysis was used to characterize the prepared bimetallic Pd nanoparticles in solution. 
An increase in the intensity at nearly identical signal shape was detected when silver or gold 
content increased in the catalysts. Furthermore, surface plasmon band of Ag or Au NPs were 
not detected even when high amounts of silver or gold are present (Figure 17 a-b). Based on 
the literature, the surface plasmon bands of Ag NPs in the bimetallic Pd(core)-Ag(shell) NPs 
were observed close to 360 nm when more than 10 monolayers of Ag were deposited on the 
Pd. The band was then shifted to a shorter wavelength when the shell thickness was less than 
10 monolayers and disappeared if the thickness of the shell was below three-atomic Ag layers 
[93]. Previously, the surface plasmon band of Au NPs was detected at 250 nm when the Au 
ratio was higher than 20 % mol [91]. The UV-Vis spectrum of the Pd-Cu NPs is similar to the 
Pd NPs. However, the surface plasmon band of Cu NPs were not detected as well which 
usually appears at 560 nm [175] (Figure 17c). Hence, the results indicate that particles 
contains only Au, Cu, or Ag NPs are not present in solution, they are always in combination 
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Figure 17. UV-Vis spectra of a) – Pd_3-Ag NPs, b)- Pd_3-Cu NPs, and c)- Pd_3-Au NPs. 




The prepared bimetallic nanoparticles were characterized by XRD as well. Figure 18b shows 
the comparison between the XRD pattern of Pd-Ag NPs and the monometallic Pd_3 NPs 
counterparts. The prepared bimetallic NPs showed a diffraction peak at about 40° which is 
attributed to (111) lattice plane of the metallic Pd. No shift of the diffraction peak of the Pd 
was observed after addition of Ag even when high amounts are used (Pd: Ag = 2:1 mol/mol). 
Characteristic peaks of neither metallic Ag nor AgO phase were detected.  
Based on the reported literature, the position of the diffraction peak of the Pd-Ag NPs with an 
alloyed structures were found between the Bragg lines of the pure Pd and Ag [80]. Similar 
observations were observed for those bimetallic Pd-Au or Pd-Cu NPs (Figure 18 b and c).  
It is worth to mention that small additional peaks at ca. 47.5° and 67° appeared for the Pd-Ag 
NPs (Pd:Ag = 4:1 or 2:1 mol/mol) and the Pd-Au NPs (4:1 mol/mol). Since the crystallite 
sizes of the Pd-Cu NPs (Pd:Cu =4:1 mol/mol) and Pd-Au NPs (Pd:Au =4:1 mol/mol) are 
similar, these observations might be attributed to a different arrangement of the second metal 
(Au, Ag or Cu) on the Pd NPs catalysts and not to the formation of larger crystallite sizes as 
already observed for Pd_1 (Figure 13). 
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Figure 18. XRD pattern of bimetallic nanoparticles a) Pd_3-Ag NPs, b)- Pd_3-Cu NPs, c)- Pd_3-Au NPs . 
The prepared bimetallic nanoparticles which possess 4:1 molar ratio of the Pd to M (M = Ag, 
Au, or Cu) were additionally characterized by TEM (see Figure 19). Approximately spherical 
shape of NPs was observed for the bimetallic Pd nanoparticles with Ag or Cu. In contrast, the 
TEM image of Pd-Au NPs showed aggregated NPs beside the presence of a spherical shape 
(Figure 19c). The histogram of the particle size derived from TEM images showed that the 
mean diameter of the particles was bigger for the Pd-Au NPs (2.7 nm) than for the Pd-Ag NPs 
(2.5 nm) and the Pd-Cu NPs (2.1 nm) (Entries 5 and 10, Table 16). In addition, the width of 
the particles size distribution increased markedly in all of the prepared bimetallic 
nanoparticles compared to the Pd_3 monometallic counterparts (inserted in Figure 19).  





Figure 19. TEM images and the corresponding histograms of the particle size distributions of a) - Pd_3-Ag 
(4:1), b)- Pd_3-Cu (4:1), and Pd_3-Au (4:1). 
Table 16. Characteristics of unsupported mono- and bimetallic nanoparticles. 











1 Pd_3 4:1 - 0.9 1.8 1.80.5 
2 Pd-Ag - 10:1 n.d.* 2.6 n.d.* 
3 Pd-Ag - 4:1 n.d.* 2.8 2.5  1.0 
4 Pd-Ag - 2:1 n.d.* 3.6 n.d.* 
5 Pd-Au - 10:1 n.d.* 1.6 n.d.* 
6 Pd-Au - 4:1 n.d.* 2.1 2.7  1.3 
7 Pd-Cu - 10:1 n.d.* n.d.* n.d.* 
8 Pd-Cu - 4:1 n.d.* 2.0 2.1  0.7 
1 
nominal molar ratios,* not determined. 
5.1.4 Synthesis and characterization of supported bimetallic nanoparticles  
 
The supported bimetallic nanoparticles were prepared using the same procedure for the 
deposition of the monometallic Pd nanoparticles onto supports. The TiO2 was chosen as 
support because of the shortest deposition time compared to the other supports. The 
deposition of bimetallic NPs onto the titanium oxide (TiO2) was successfully performed using 
ethanol as a solvent within 1h which is comparable with those using the monometallic Pd 
NPs. This means that the addition of a second metal to the Pd NPs didn’t affect the deposition 
behavior. Characteristics of the freshly supported bimetallic NPs are summarized in Table 17. 
The amount of Pd loading in all prepared catalysts was not so far from a nominal value (0.5 
wt %). As observed before, the BET surface of Pd/TiO2 was slightly decreased compared to 
the unloaded respective support (Entries 6-7, Table 15). The same is assumed when the 




bimetallic nanoparticles were deposited. The molar ratio of Pd to M (M = Ag, Au, or Cu) 
obtained from ICP was not so far from the nominal value. Thus, different molar ratios of Pd to 
M could be synthesized with the applied method for preparation of the bimetallic NPs. 
Table 17. Characteristics of the freshly bimetallic nanoparticles based materials. 










1 Pd-Ag/TiO2 0.45 10:1 8:1 n.d.* 
2 Pd-Ag/TiO2 0.45 4:1 3:1 2.8  1.1 
3 Pd-Ag/TiO2 0.55 2:1 1.4:1 n.d.* 
4 Pd-Au/TiO2 0.47 10:1 9.8:1 n.d.* 
5 Pd-Au/TiO2 0.44 4:1 4.3:1 n.d.* 
6 Pd-Cu/TiO2 0.42 10.1 11.6 n.d.* 
7 Pd-Cu/TiO2 0.40 4:1 3.4:1 n.d.* 
1
nominal molar ratios, 
2
 experimental determined molar ratios,* not determined. 
STEM-HAADF image of titania supported Pd-Ag NPs (Pd:Ag = 4:1 mol/mol) is shown in 
Figure 20. The histogram of the particle size distributions derived from the image (as inserted 
in Figure 20) showed that the mean diameter of particles size was 2.8 nm (Entry 2, Table 17), 
which is slightly bigger than on the unsupported Pd-Ag NPs (Table 16). The small increase in 
the particle size after the deposition is in comparable with the reported results [183]. The 
shape of the NPs is approximately spherical as well. In addition, the histogram of the particle 
size distribution also showed that the width of the particle size distribution increased only 
slightly in the case of supported Pd-Ag NPs compared to the unsupported NPs counterparts 
 
Figure 20. STEM-HAADF images and particle size distributions of Pd-Ag (4:1)/TiO2 (93 particles).  
 




Beside the morphology and particle size distribution of Pd-Ag NPs (Pd:Ag = 4:1 mol/mol) 
which were obtained by STEM using a high angle annular dark field (HAADF), EDX 
analyses of individual particles were recorded. The Pd (La) is overlapped with Ag (Lb), 
therefore, it is difficult to distinguish between them (Figure 21c). The EDX spectrum of 
individual particle is presented in Figure 21b. The EDS indicates that the composition of 
particles seems to be not always homogeneous e.g. the particle 003 shows that the intensity of 
the peak which is attributed to the Ag is clearly higher than on the particles 002 or 001. This 
could be used as indication that the ratio of Ag to Pd in the particle 003 is higher than in the 
other particles. Particles which contain Ag NPs only were not detected.  
 
Figure 21. EDX spectra of individual particles of Pd-Ag(4:1)NPs/TiO2. 
 
XPS analysis was used to obtain information about the electronic structure of the metals on 
the support before the oxidation reaction (Figure 22). Generally, there are many factors that 
could affect the position of Pd in XPS spectra such as the electronic interaction of Pd with the 
support, the size of Pd species and the valence state of Pd where the binding energy of Pd
2+
 
(bivalent) is usually higher than that of the metallic Pd [190-192].  
In the fresh Pd/TiO2 catalyst both metallic and bivalent Pd were detected (Figure 22a). The 
gray area represents the metallic Pd (3d5/2 = 335.4 eV, 5d3/2 = 340.6 eV) while the dark gray 
area represents the bivalent Pd (3d5/2 = 337.0 eV, 3d3/2 = 342.4 eV).  
The addition of the second metal has an influence on the electronic structure of the Pd in the 
bimetallic catalysts. However, the Pd bivalent was only present in the Pd-Cu NPs catalyst. In 
contrast, the Pd bivalent was slightly reduced after (Au) addition. The lowest amounts of the 
Pd bivalent was detected in the Pd-Ag catalysts, (Figure 22a).  




The XPS spectrum of Ag 3d electrons is shown in Figure 22b. The binding energy of metallic 
Ag is very close to that of oxidic Ag. Therefore, it is difficult to distinguish between them 
[193]. Similarly, the binding energy of metallic Cu is very close to that of Cu 
+1 
[194]. Thus, it 
is difficult to interpret Figure 22c which represents Cu 2p electrons. The XPS spectrum was 
recorded for Au 4f electrons and showed that gold is present in a metallic form (see Figure 
22d). 
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Figure 22. XPS spectra of bimetallic catalyst a)-the Pd3d electrons b)- Ag 3d electrons, c)- Cu 2p electrons, 
d)- Au 4f electrons from the fresh supported catalyst. 
 
The influence of the amount of the second metal on the electronic structure of the Pd was 
studied for silver. The XPS spectra for a nominal molar ratio of Pd to Ag (10:1, 4:1, or 2:1 
mol/mol) are shown in Figure 23. In all of these catalysts, the amount of bivalent Pd
2+ 
is 
partially reduced, even if low amounts of silver are present in the catalyst (Pd:Ag =10:1 
mol/mol). The interpretation of the XPS spectrum of Ag 3d electrons are complicated as 
mentioned before [193]. Furthermore, the comparison of the Ag 3d electrons for these 
catalysts showed a small shift of XPS signals. The observed small shift is not clearly 
understood as well (Figure 23b). 



















                  












Electron Binding Energy / eV
Ag 3d
10:1
         4:1
      2:1
Pd:Ag
 
Figure 23. XPS spectra of a)- the Pd3d electrons b)- Ag 3d electrons from the fresh supported catalyst. 




5.2 Catalytic oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid 
5.2.1 5-Hydroxymethylfurfural oxidation on unsupported monometallic Pd NPs  
5.2.1.1 Influence of the reaction parameters 
The effect of selected reaction parameters such as oxygen flow rate and reaction temperature 
on the HMF oxidation were studied on unsupported Pd nanoparticles. The experiments were 
performed by adding 0.5 M NaOH at 1 mL/h. This concentration was chosen, because 
previous experiments had shown that a higher concentration of NaOH (2 M) at the same 
addition rate leads to formation of a high amount of side products, while using a lower 
concentration of NaOH (0.25 M), clearly slows the reaction rate. 
 Effect of the oxygen flow rate on the selective 5-hydroxymethylfurfural oxidation 
Initial experiments showed that the HMF oxidation could be performed under the atmospheric 
pressure. Therefore, the influence of oxygen flow rate on HMF conversion and products yield 
was studied (Figure 24).in alkaline aqueous solution using Pd_4 NPs as catalysts (Pd_4 NPs 
were prepared at 2:1 molar ratio of NaOH to Pd at room temperature for 24 h, Section  4.1.1). 
The oxygen flow varied between 10 and 115 mL/min. Additionally, the use of compressed air 
(20 mL/min, corresponding to 4 mL/min oxygen) was also studied  
HMF was fully converted after about 2h under oxygen flow rates between 4 and 58 mL/min. 
After this time, the molar ratio of NaOH:HMF was achieved a 2.5:1 mol/mol. The desired 
products of HMFCA, FFCA, and FDCA were formed only in minor amounts (4-9 %) at the 
lowest oxygen flow of 4 mL/min. Products of Cannizzaro reaction (2.5-dihydroxymethylfuran 
(DHMF) and 5-hydroxymethyl-furan-2-carboxylic acid) and HMF degradation (formic acid 
and levulinic acid) were previously reported in alkaline solution and in the absence of oxygen 
[116]. The yield of desired products was improved by increasing the rate of oxygen flow up to 
10, 35, or 58 mL/min. At the same tendency, the HMFCA yield increased to 25, 37 and 47 % 
after 1.5 h. After that, it remained constant independent on the used oxygen flow. 
The formation of FFCA with time was approximately independent on oxygen flow rates used 
(10-58 mL/min) and the maximum yield was 40 % after 2 h. Here, before the FFCA reached 
its maximum, FDCA started to form. Using the higher oxygen flow of 115 mL/min, the HMF 
was clearly converted at longer time compared to the others oxygen flow used. The yield of 
HMFCA was almost constant after 2 h and the formation of FFCA was in minor amounts, 
therefore, a low yield of FDCA was detected at 115 mL/min O2 flow. Noteworthy, the carbon 




mass balance was strongly decreased up to 0.57 after 4 h which was relatively higher in short 
reaction time (< 1 h, approximately =1) at the highest oxygen flow of 115 mL/min. This 
might be ascribed to the formation of unwanted side products. 
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Figure 24. Influence of the O2 flow rate on HMF oxidation using Pd NPs (Pd_4) as catalyst. Reaction 
conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd=80 (mol/mol) , 90 °C, (1 mL/h) of aq. NaOH (0.5 M), 
4 h as the reaction time. 
 
The presented results show that the catalytic performance of the Pd NPs in HMF oxidations 
depends on oxygen flow rate (oxygen content in the water phase). A fast deactivation of the 
Pd NPs was detected at the highest oxygen flow of 115 mL/min. This could be ascribed to a 
reversible Pd_O2 adsorption rather than formation of a metal oxide surfaces as previously 
reported for oxidation of benzyl alcohols [22].  
Based on the reported literature, Pd catalysts seem to be more sensitive to high oxygen 
content than Au based materials. No deactivation of the Au catalyst under high oxygen 
pressure in strong basic solution was observed [116, 119, 123]. The deactivation of the Pd 
NPs catalyst was also observed when the oxygen flow was decreased from 58 to 4 mL/min. 
This might be attributed to blocking of active surface sites by strong adsorption of unwanted 
byproducts formed mainly from adsorbed substrate (HMF) and intermediate (HMFCA) 
species. The HMF conversion rate was nearly identical under different oxygen flow rates but 
the yield of HMFCA was different. This could indicate that byproducts formation and the 




oxidation of HMF to HMFCA and HMFCA to FFCA might proceed with similar rate. In this 
case the formation of adsorbed HMF or HMFCA species should be included in the rate 
determining step. At a certain point of time, the oxidation of FFCA to FDCA proceeds while 
the yield of HMFCA remained constant. This could be used as an indication that oxidation of 
the alcohol and the aldehyde moieties might occur on different Pd surface sites. In order to 
investigate whether the oxidation of FFCA to FDCA occurs without participation of Pd NPs, 
an additional experiment was performed using FFCA (0.15 mmol) as substrate in the absence 
of Pd NPs catalyst under identical reaction conditions (35 mL/min O2, 1 mL/h NaOH (0.5 M) 
and 90 °C). The results showed that only a minor amount of FFCA was transformed (12 % 
conversion of FFCA in 6 h) and no FDCA was detected. This result strongly indicates that the 
Pd NPs catalyze the transformation of FFCA to FDCA even if oxidation of HMFCA was 
stopped. Therefore, it is believed that oxidation of HMFCA to FFCA and that of FFCA to 
FDCA happen on different Pd NPs surface sites. 
 Effect of the temperature on the selective HMF oxidation  
Recently, the oxidation of HMF was performed in the presence of carbon supported Pd at 25 
°C at oxygen pressure of 6.7 bar. Under these conditions, 79 % FDCA selectivity at full 
conversion was reported [23]. Therefore, the influence of reaction temperature on HMF 
oxidation was studied on unsupported Pd_3 NPs (prepared with 4:1 molar ratio of NaOH to 
Pd at 90 °C for 3 h) in the range 25-90 °C. The rate of HMF conversion was increased as the 
temperature increased (Figure 25). A time of 24 h was necessary to achieve a complete 
conversion of HMF at 25 °C. Here, the HMFCA was formed as the main product with 90 % 
yield. As the temperature was increased up to 50 °C, the HMFCA was still the major product. 
These results indicate that on Pd NPs the aldehyde group of HMF in the presence of base is 
more easily oxidized than the alcohol group of HMFCA as observed previously on Au based 
catalysts [119, 123, 125]. Raising the temperature up to 70 °C, the FDCA was formed as a 
major product with a good yield. Below 90 °C, the rate of the oxidation of HMFCA to FFCA 
is obviously slower than the rate of the oxidation of FFCA to FDCA. This behaviour was also 
observed on Au based catalysts where oxidation of HMFCA to FFCA was considered as rate 
determining step in HMF oxidation [123, 125]. On contrary, the rate of oxidation HMFCA to 
FFCA was similar to the rate of the oxidation of FFCA to FDCA at 90 °C. Furthermore, the 
highest yield of FDCA of 90 % was obtained at 90 °C. 
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Figure 25. Influence of reaction temperature on the HMF oxidation using Pd_3 NPs as catalyst. Reaction 
conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd= 100 (mol/mol), (1 mL/h) aq. NaOH (0.5 M), O2 flow 
rate = 35 mL/min. 
5.2.1.2 Effect of the particle size of Pd NPs 
 
In order to study the influence of particle size on HMF conversion and products yield, the 
prepared differently sized NPs were applied under the reaction conditions of 35 mL/min 
oxygen flow, 90 °C with addition of aq. NaOH continuously. The results were summarized in 
Table 18. The HMF was fully converted within 4 h with the formation of HMFCA in minor 
amounts (3 %) in the absence of a catalyst. The HMF conversion is obviously lower 
compared to previous results at low oxygen flow of 4 mL/min but in presence of Pd NPs 
(Figure 24) [195]. In the absence of the catalyst, compounds of degradation of HMF [levulinic 
and formic acid] were detected as side products [119]. Using Pd precursor (Na2PdCl4) as a 
catalyst leads to a complete conversion of HMF within 4 h with 10 % HMFCA yield (Entry 2, 
Table 18). These results indicate that HMF oxidation cannot proceed over Pd
2+
 ions. When 
the Pd NPs catalyst presented in the reaction solution, a clear decrease of the amount of side 
products were detected (Entries 3-6, Table 18). An increasing in the particle size of NPs leads 
to a decrease in the yield of FDCA (Pd_1, d = 4.4 nm) to 81 % (Pd_2, d = 1.9 nm) to 90 % 
(Pd_3, d = 1.8 nm) (Entries 3-5, Table 18).  
Based on the reported literature, the particle size was affecting product distribution using 
supported Au-Cu NPs. The yield of HMFCA was increased to be higher than yield of FDCA 




after calcination of catalyst (calcination step was accompanied by an increase in NPs size). 
The authors stated that the oxidation of HMFCA might be more sensitive to particle size than 
the oxidation of HMF [119].  
It was observed that the reaction solution became slightly yellow colored if the yield of 
FDCA is high, otherwise, a heavily colored will be observed. The observation of the color of 
reaction solution was previously reported and the degradation of HMF was suggested as a 
reason of having a strong coloring [124]. 
Table 18. Catalytic results of differently sized Pd NPs in HMF oxidation. 










1 blank – >99 3 - 0 
2 Na2PdCl4 – >99 10 0 0 
3 Pd_1 4.41.6 >99 28 0 61 
4 Pd_2 1.90.7 >99 3 8 81 
5 Pd_3 1.80.5 >99 8 0 90 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd= 100 (mol/mol), O2 flow rate (35 mL/ min), 
90 °C, and 7 h as the reaction time. 
Figure 26 shows the temporal evolution of HMF conversion and product yield in the presence 
of differently sized Pd NPs. The HMF conversion was accomplished within 1.5 h on Pd_3 
(mean diameter: 1.8 nm) and Pd_2 (mean diameter: 1.9 nm). While a complete conversion of 
HMF was obtained in a longer time of (2 h) on Pd_1 (mean diameter: 4.4 nm). 
The intermediates HMFCA and FFCA were detected in the initial stage of the oxidation 
reaction independent of the size of the Pd NPs used. The maximum yield of HMFCA was 
achieved in a longer time of 2 h for the largest NPs (Pd_1) compared to those NPs which have 
a smaller particle sizes (Pd_2 and Pd_3) and then the yield of HMFCA remained constant 
without further oxidation up to 7 h. The maximum yield of FFCA was also achieved in a 
longer time of 2 h for the large particles compared with those smaller particle sizes (Pd_2 and 
Pd_3), but FFCA was further oxidized independent on the NPs used (Figure 26c). The highest 




yield of FDCA of 90 % was obtained when using the smallest particles of NPs (Pd_3, mean 
diameter =1.8 nm). 
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Figure 26. Plots of a)- HMF conversion and yields of b)-HMFCA – c) FFCA – and d) FDCA) versus time 
on differently sized Pd NPs. Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 
(mol/mol), O2 flow rate (35 mL/min), 90 °C, addition of (1 mL/h) aq. NaOH (0.5 M), 7 h as the reaction 
time. 
 
In general, it is believed that NPs activity was increased as the particle size decreased because 
of a higher number of surface atoms, and thus a higher amount of coordinately unsaturated 
metal sites [196-200]. The number of Pd surface atoms (Satoms) was calculated using equations 
which were given in Section  7.2, Appendix [185, 186].  
Table 19 summarizes the mean number of Pd atoms in a single particle (n), the number of Pd 
atoms in the solution (Natoms), and the number of Pd surface atoms (Satoms) as well. 
Table 19. The number of Pd surface atoms. 
Entry Dmean(TEM) 
[nm] 
n Natoms Satoms 







Pd_2 1.90.7 252 6.31x10
19
 








The results showed that formation of FDCA was faster in the presence of smaller particle 
sizes. A different amount of active surface site of the used NPs might be the reason for the 
variations in the catalytic performance of the differently sized Pd NPs. It could be observed 
that with increasing number of active surface sites, deactivation is shifted to longer reaction 
times. 
A rough approximation of the intrinsic TOF was calculated using initial activity (HMF 
conversion after 10 min) related to the Pd amount used in the oxidation reaction (0.004 mmol) 
and the Pd dispersion which was estimated from the mean diameter of Pd NPs (Table 14, 
TEM) divided by 1.12) [20]. TOF values were between 0.06 (Pd_3) and 0.1 s
-1
 (Pd_1). So it is 
difficult to judge whether the HMF transformation is structure sensitive or not as investigated 
for the oxidation of benzyl alcohol on supported Pd NPs [20].  
Since the Pd NPs prepared were stabilized by PVP, it cannot completely exclude a possible 
role of PVP. It is believed that the difference in the catalytic performance at short reaction 
times are independent on the variations of interaction between polymer functional groups and 
the NPs surface [62]. A black precipitation was observed in the reaction solution independent 
on the NPs used after the reaction time of 7 h. This could be attributed to the fact that at high 
basicity of (NaOH:HMF = 8.75: 1 mol/mol) after 7 h part of the protecting agent (PVP) might 
be lost. Thus, the result suggests depositing the NPs onto carrier materials in order to get 
catalytic materials with more stable performance. 
5.2.1.3 Influence of storing Pd NPs on catalytic performance 
 
As stated before that it is necessary to deposit the Pd NPs onto carrier materials. For this 
regard, the prepared NPs were tested again in HMF oxidation after several days of their 
synthesis in order to find out whether they can show the same catalytic results as obtained on 
the freshly used ones. The synthesized NPs were stored in synthesis solution under 
atmospheric conditions. The pH solution of synthesized NPs was different because a different 
molar ratio of NaOH:Pd was used in the NPs synthesis, as follows: pH (Pd_1) = 3.4, pH 
(Pd_2) = 7.7 and pH (Pd_3) = 11.1. The catalytic performance of stored Pd_1 (storage time = 
30 days) was clearly different compared to the corresponding freshly prepared NPs. The 
capability of NPs to oxidize HMFCA further was decreased after storage (storage time = 30 
days) and the amount of side products was clearly increased as well (Entry 1, Table 20). The 
catalytic performance of the stored Pd_2 (storage time = 3 days), which were prepared at 2:1 
molar ratio of the NaOH:Pd was similar to the corresponding freshly prepared one. But when 




these NPs were tested after 14 days, a higher yield of HMFCA connected with a lower yield 
of FDCA were observed compared to that on the freshly prepared Pd_2 (Entry 2, Table 20). 
Interestingly, the stored Pd_3 (storage time = 14 or 30 days), which were synthesized at 4:1 
molar ratio of NaOH:Pd, showed an identical catalytic performance, compared to the freshly 
prepared one (Entry 3, Table 20). 
Table 20. Catalytic performance of Pd NPs in HMF oxidation after storage in the synthesis solution. 










1 Pd_1 1:1 fresh >99 2 28 61 
30 >99 2 50 7 
2 Pd_2 2:1 fresh >99 0 3 81 
3 >99 1 4 83 
14  >99 6 43 51 
3 Pd_3 4:1 fresh >99 0 8 90 
14 >99 0 4 93 
30 >99 0 10 90 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd= 100 (mol/mol), oxygen flow (35 mL/min), 
(1 mL/h) aq. NaOH (0.5 M) 90 °C, 7h.  
SAXS analysis was used for the stored Pd NPs after 14 or 30 days to follow the changes in 
particle structures (Figure 27). No differences were observed in the scattering profiles 
between the stored Pd_2 or Pd_3 fractions (storage time = after 14 days) and the freshly 
prepared NPs counterparts. Since the shape of SAXS profile relies strongly on the particle 
size of the NPs, the observed identical scattering profiles indicate that no change in the 
particle size of these NPs during the storage in synthesis solution was observed. However, this 
observation was expected for Pd_3, where no change in the catalytic performance was 
observed, but it was unexpected for Pd_2 which showed different catalytic results after 
storing the NPs (storage time of 14 days). It could be assumed that during this time interval 
the surface of Pd NPs was affected by a post process. In contrast, a clear difference in 
scattering profiles of the Pd_2 after storing (storage time = 30 days) was observed compared 
to the freshly prepared NPs counterparts. The shift of the scattering intensity towards lower q-
values for the curve obtained after 30 days refers to a slight increase of particle size with time. 
The maximum of the volume weighted particle radii distribution which was derived from the 




fitting of the scattering curve shifted from 3.0 nm to 3.2 nm (as inserted in Figure 27a). 
Synchronously, the value of the invariant Q was decreased by about 10 % which relies only 
on volume fraction of the Pd-NPs in the solution [201] and, since no precipitation was 
observed, the decrease of Q can be explained only by a solution of the Pd NPs. It was reported 
that the size of Pd NPs in ethylene glycol in presence of the stabilizing agent PVP can be 
changed by an oxidative etching process. Here, a Cl
-
/O2 pair interacts with the surface of NPs 
under formation of [PdCl4]
2-
. Then, the [PdCl4]
2- 
which is newly formed can again be reduced 
leading to growth in the particle size [202]. Although the temperature at which the NPs were 
stored was lower (RT instead of 120 °C), it is believed that such processes could occur during 
the storage of the NPs, but with significantly lower rates. Furthermore, the results indicate 
that the extent of such post processes depends strongly on the pH of the solution in which the 
NPs were stored. The observed decrease in the capability of the NPs to oxidize HMFCA after 



































































Figure 27. Scattering profiles of freshly synthesized and stored Pd NPs synthesized at different NaOH/Pd 
ratio a)- 1:1 (Pd_1), b)- 2:1 Pd_2, and c)- 4:1 (Pd_3).  
 
In conclusion, the following factors should be beared in mind for the preparation of 
heterogeneous catalyst by deposition of pre-formed nanoparticles onto supports. The pre-
formed nanoparticles which have larger particle sizes should be deposited directly after 
synthesis onto the support. Otherwise, the properties of the NPs will change over time. On 
contrary, NPs with smaller particle sizes (mean diameter ≤ 2.0 nm) can be stable for longer 
times depending on the media used for synthesis and storage. If the NPs have been 
synthesized and stored in neutral medium, then the NPs should be deposited directly after 
synthesis. In our work, NPs which had been synthesized and stored in alkaline solution did 
not show a change of properties after one month storage time. Thus, it is possible to use them 
for the preparation of heterogeneous catalysts within this period of time. 




5.2.2 HMF oxidation on supported Pd NPs with base addition  
5.2.2.1 Effect of the support  
 
The previous results showed that the highest yield of FDCA was obtained with the smallest 
particle size (Pd_3, mean diameters = 1.8 nm). Therefore, Pd_3 were chosen to deposit onto 
different supports. The results are summarized in Table 21. Compared to unsupported Pd_3 
NPs (Table 18), Pd/HT_30, Pd/KF/Al2O3 and Pd/ZrO2/La2O3 yielded FDCA with ≥ 90 % at 
full HMF conversion (Entries 1-3). The Pd/TiO2 and Pd/Al2O3 catalysts showed clearly a 
lower FDCA yield and an inferior carbon mass balance compared to other supported Pd 
catalyst (Entries 4-5). HMFCA was detected in all experiments of supported materials with 
yields between 1 and 19 % while the yield of FFCA was always lower than 4 %. In order to 
exclude that the reaction might be proceeded in the presence of unloaded support, additional 
experiments were carried out under the identical reaction conditions using unloaded supports 
(Entries 6-8). The HMF was completely converted, but HMFCA was formed with low 
amounts. Thus, high amounts of unknown products were formed. Similar results were 
obtained for those experiments, where no catalyst or Pd precursors were used (Entries 1-2, 
Table 18). 
Table 21. Catalytic results of HMF oxidation (X- HMF conversion, Y– product yield) on unloaded 
supports and Pd/support materials with continuous addition of a homogeneous base (aq. NaOH). 









1 Pd/HT_30 >99 0 2 96 0.98 
2 Pd/ZrO2/La2O3 >99 0 7 90 0.97 
3 Pd/KF/Al2O3 >99 0 7 91 0.98 
4 Pd/Al2O3 >99 3 9 78 0.90 
5 Pd/TiO2
*
 >99 2 19 62 0.83 
6 ZrO2/La2O3 >99 (5h) <1 5 <1 0.07 
7 Al2O3 99 (6h) <1 5 0 0.06 
8 TiO2 >99 (5h) 1 4 <1 0.06 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), molar ratio of HMF:Pd = 100, O2 flow rate = 35 
mL/min, 90 °C, (1 mL/h) aq. NaOH addition (0.5 M), 8 h and *7 h as the reaction time. 




Figure 28 shows the temporal evolution of HMF conversion and product yield in the presence 
of differently supported Pd NPs. The HMF was fully converted within 1.5 h on all these 
catalysts, hence there is no obvious difference between the different catalysts regarding HMF 
conversion (Figure 28a). Preliminary experiments showed that the rate of HMF conversion 
and the intermediates (HMFCA and FFCA) transformation were influenced by the rate of 
base addition.  
The intermediates HMFCA and FFCA were also observed in all cases. The maximum yield of 
HMFCA was observed at slightly earlier times than with FFCA (Figure 28b vs. Figure 28c). 
The lowest amount of HMFCA was observed for Pd/HT. This could be attributed to the 
nature of support. Previously, it was reported that the oxidation of hydroxyl group is 
considered to be the rate determining step on Au/HT (oxidation of HMFCA to FFCA). The 
intermediate HMFCA is oxidized to FFCA by the formation of metal alcoholate species via 
metal–hydride shift which was facilitated by the basicity of HT [125]. The HMFCA 
concentration remained unchanged after 2 h. In contrast, the FFCA intermediate was 
completely oxidized to FDCA. This was already observed for the unsupported Pd NPs. This 
observation led to the assumption that the supported Pd NPs lost their capability to oxidize 
HMFCA completely after 2 h. The loss of catalytic activity for the further oxidation of the 
intermediate might be caused by the adsorption of the organic molecules which are formed 
during the reaction on the active site of Pd surface as previously reported on Au/CeO2 and 
Au/TiO2 catalysts [123]. This behavior was already observed for the experiments on 
unsupported catalyst, where it was assumed that the oxidation of the intermediates HMFCA 
and FFCA occurred on different surface sites of the catalyst [195]. The same assumption can 
be applied in the case of supported catalyst.  
The fastest formation of FDCA, connected with the highest yield, was observed for 
Pd/HT_30. Compared to the other materials, FDCA formation began almost immediately 
after the reaction was started. It was previously reported for Au/HT that the conversion of 
both intermediates (HMFCA and FFCA) occurred rapidly because of the basicity of the 
support, and hence resulting in a high yield of FDCA [125]. Additionally, experiments were 
carried out with FDCA (0.4 mmol) as reactant instead of HMF under the same reaction 
conditions. In the presence of Pd/ZrO2/La2O3, Pd/TiO2 or Pd/Al2O3 the FDCA stayed constant 
within the time interval of 5 h. Thus, FDCA degradation can be excluded as a reason for the 
observed differences in FDCA yield with different supported Pd. 
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Figure 28. Plots of HMF conversion (a) and product yields (b-d) versus time on Pd/support catalysts 
(reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 (mol/mol), O2 flow rate (35 mL/min), 
90 °C, (1 mL/h) aq. NaOH addition (0.5 M). 
To study whether the HMF oxidation can be influenced by leached Pd species, the 
experiments were performed in the presence of the catalysts (Pd/TiO2, Pd/ZrO2/La2O3). The 
catalyst was separated from reaction mixture after one hour and the remaining solution was 
further reacted up to 8 h. The results showed that after catalyst-removal the amount of 
HMFCA, FFCA and FDCA remain unchanged (Figure 29, Entries a-b).  




















                  





















Figure 29. Plot of HMF conversion and products yield of HMF oxidation versus reaction time for a)-
Pd/ZrO2/La2O3 and b)- Pd/TiO2 with (0-1 h) and without solid material (1-8 h) in the reaction mixture. 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 (mol/mol), O2 flow rate (35 mL/min), 
90 °C, (1 mL/h) aq. NaOH addition (0.5 M). 




The obtained results suggest that either no Pd species leached from the catalyst or the leached 
amount of Pd species into reaction solution was not catalytically active anymore. The results 
of atomic absorption spectroscopy analysis (AAS) of the final reaction mixture after 8h 
showed that about 3 % of Pd leached out into the reaction solution from the Pd/TiO2 catalyst 
and about 6 % for the experiment where the Pd/ZrO2/La2O3 was used as catalyst. Since 
approximately 6 % Pd was detected in the reaction solution where Pd/ZrO2/La2O3 was used 
catalyst, an additional experiment was therefore proceeded. However, the catalyst was 
separated from the reaction solution after 8 h and an additional amounts of both intermediates, 
HMFCA (0.08 mmol) and FFCA (0.156 mmol), were added to the reaction solution. No 
change in the concentration of these intermediates was observed even after 8 h (Figure 30). 
Thus, the HMF transformation was catalyzed by the Pd/support materials and not by Pd 
leached.  





















Figure 30. Plot of HMF conversion and products yield of HMF oxidation versus reaction time. Reaction 
conditions: HMF (0.4 mmol), H2O (20 mL), Pd/ZrO2/La2O3 catalyst (0-8 h) and without catalyst (8-16 h), 
HMF:Pd = 100 (mol/mol), O2 flow rate (35 mL/min), 90 °C, (1 mL/h) aq. NaOH addition (0.5 M).  
 Reusability of the supported monometallic Pd nanoparticle catalysts  
Further experiments were carried out to study the reusability of Pd nanoparticle based 
material. For this reason, the Pd/ZrO2/La2O3, Pd/TiO2, and Pd/KF/Al2O3 catalysts were tested 
two or three times under identical experimental conditions using the recycled catalyst. After 
each experiment the reaction solution was centrifuged in order to remove the catalyst. Then 
the removed catalyst was washed once with distilled water and dried in the oven at 40 °C. 
Material loss (by sampling) for a single run was found to be ca. 7 % for Pd/ZrO2/La2O3 and 
Pd/TiO2. This value was obtained by weighting the material before and after reaction. Plots of 
HMF conversion and product yields versus time are shown in (Figures 50-52, Appendix). In 
all runs, a complete conversion HMF was within 1.5 h and the intermediate FFCA was 
completely oxidized to FDCA. In contrast, the oxidation of the intermediate HMFCA stayed 




constant after reaction times longer than 2 h in first run. The same observation was observed 
in the second and third runs regarding the HMFCA intermediate. These findings suggest that 
the loss of capability to oxidize HMFCA is a reversible effect. However, a slight decrease in 
the yield of FDCA was observed for each run. Table 21 summarizes the results of different 
runs after 8 h reaction time. For the Pd/ZrO2/La2O3 catalyst, the yield of FDCA decreased 
slightly from 90 % in the 1
st
 to 86 % in the 3
rd
 run. In the same tendency, the FDCA yield was 
also decreased for Pd/TiO2 (62 % → 54 %). It should be mentioned that Pd leaching from 
ZrO2/La2O3 support decreased as the number of runs increased (6 % in 1
st
 run, 3 % in 3
rd
 run). 
The difference in FDCA yields between the first and the second run was larger on 
Pd/KF/Al2O3 catalyst (91 → 55 %). In all cases, an increase in HMFCA yield was detected as 
the number of runs increased. As reported, a slight decrease of the FDCA yield with an 
increasing number of runs was observed for catalyst Au/CeO2 [123]. Pt-Bi/C catalyst showed 
a stable catalytic performance in HMF oxidation using NaHCO3 as base [124]. 
Table 22. Results of reusability tests on Pd/support catalysts with continuous addition of homogeneous 
base; X (HMF) = 100%. 



















Pd/ZrO2/La2O3 7 0 90 12 0 87 12 2 86 
Pd/KF/Al2O3 7 0 91 43 0 55 - - - 
Pd/TiO2
* 19 2 62 19 2 59 26 0 54 
Reaction Conditions: HMF (0.4 mmol), H2O (20 mL), HMF/Pd = 100 (mol/mol), O2 flow rate: 35 mL/min, 
90 °C, (1 mL/h) aq. NaOH addition (0.5 M), reaction time: 8 h (*7 h). 
 
X-ray diffraction pattern of TiO2, ZrO2/La2O3, Al2O3, and KF/Al2O3 before and after Pd 
loading and after HMF oxidation are shown in Figure 31. Diffraction peaks of metallic Pd 
NPs were not observed because of the low Pd loading (0.5 wt %). No change of the 
diffraction pattern for TiO2, ZrO2/La2O3 and Al2O3 after deposition of Pd was observed and 
even also after the HMF oxidation in alkaline solution at 90 °C. A very broad signal was 
detected for those catalysts where Al2O3 and ZrO2/La2O3 was used as support. This might be 
due to a small particle size and/or a high portion of amorphous phase. However, the 
diffraction pattern clearly changed after Pd loading and during HMF oxidation in the case of 
Pd/KF/Al2O3 catalyst (Figure 31d). The alumina structure stayed intact and during HMF 
oxidation a new phase of PdF4 phase (PDF-Nr. 070-0717) was observed instead of the K3AlF6 
phase (PDF-Nr. 000-0615) which was detected after Pd NPs deposition. In addition, new 
peaks were detected which are attributed to a K2O phase (PDF-Nr. 013-0373). Thus, these 




variations of the phase compositions could be the reason for the observed changes in the 
catalytic performance in the 2
nd
 run of the catalyst (FDCA yield: 1
st
 use 91 %; 2
nd
 use 55 %) 
and the high amounts of catalyst loss (33 %) in a single experiment of HMF oxidation as well. 
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Figure 31. Influence of Pd NPs deposition and HMF oxidation on the XRD pattern of the Pd/support 
materials a)-TiO2, b)-ZrO2/La2O3. c)-Al2O3, and d)-KF/Al2O3 (*-K3AlF6, □-K2O, ○-PdF4). 
The SEM images of the ZrO2/La2O3 support with the images after Pd loading 
(Pd/ZrO2/La2O3) and after using this catalyst in HMF oxidation are compared (Figure 32). No 
change of the morphology of the Pd/ZrO2/La2O3 during the HMF oxidation was observed. 
 
Figure 32. SEM images of (a) of the ZrO2/La2O3 support, (b) Pd/ZrO2/La2O3 (after Pd nanoparticle 
deposition and (c) after applying Pd/ZrO2/La2O3 the catalyst three times in HMF oxidation. 
 
The effect of HMF oxidation on the structure of Pd NPs on different supports was 
additionally studied by TEM. Figure 33 shows STEM-HAADF images of Pd/TiO2, Pd/Al2O3, 
and Pd/ZrO2/La2O3 catalysts after utilization in the HMF oxidation. As mentioned before, 
element mapping with EDX was used for Pd/ZrO2/La2O3 to get more reliable results since the 
electron density of the ZrO2/La2O3 support (La: atomic number 57, Zr: atomic number 40) is 
higher and similar compared to Pd (atomic number 46), respectively. The histograms of 
particle size distribution were derived from the images of each catalyst (as inserted in Figure 
33). An increase in the mean diameter of the particles and width distribution of Pd-NPs for 
the catalyst after HMF oxidation was observed for Pd/TiO2 (2.1 to 2.9 nm), Pd/Al2O3 (2.7 to 
4.4 nm) and for ZrO2/La2O3 (2.6 to 4.2 nm) compared to fresh catalysts. The values of the 
mean diameter of Pd NPs after use in HMF should be considered as approximations, because 




a large part of the Pd particles have not a spherical shape anymore. Thus, not only change in 
the particles size was observed but also in the shape of the Pd particles during HMF 
oxidation. The change of shape was mainly caused by aggregation of the formerly deposited 
small NPs. The occurrence of aggregations was also dependent on the used catalyst or more 
precisely on the used support. The strongest aggregation was observed for Al2O3. In the case 
of the ZrO2/La2O3 support, the aggregated Pd seemed to be more elongated. The stronger 
aggregation on Al2O3 than on ZrO2/La2O3 could come from the variations of the surface 
charge in basic solution (pH=10) derived from the negative zeta potential of ZrO2/La2O3 
support (-43 mV) compared with that for Al2O3 (24 mV). Such elongated Pd structures were 
previously observed when the polyvinylpyrrolidone (PVP) was substituted by a molecular 
stabilizer by means of a phase transfer to toluene at 100 °C [203]. 
 
Figure 33. STEM-HAADF images of the used catalyst a)- Pd/TiO2 (after 3 used, 144 particles), b)- 
Pd/Al2O3 (after 1 used, 177 particles) inserted in b shows the structure of a large Pd aggregate, scale bar: 
5nm) and c)- EDX mapping for Pd/ZrO2/La2O3 (after third used, 50 particles). 
XPS analysis was used to characterize the fresh and used catalysts in order to obtain 
information about the electronic structure of the Pd NPs on the support before and after HMF 
oxidation. Figure 34 presents the XPS spectra of the fresh and used Pd/TiO2 and 
Pd/ZrO2/La2O3 catalysts. As mentioned before, the binding energy of Pd
2+
 (bivalent) is higher 
than for metallic Pd [190-192]. In fresh Pd/TiO2 catalyst both metallic and bivalent Pd were 
detected (Figure 34a). The grey area represents the metallic Pd (3d5/2 = 335.4 eV, 5d3/2 = 
340.6 eV). While the dark gray area represents the bivalent Pd (3d5/2 = 337.0 eV, 3d3/2 = 342.4 
eV). The bivalent Pd was partly reduced for the used catalysts. This result was derived from 
the increasing intensity of the peak area of metallic Pd compared with to the bivalent one. The 
XPS spectra of Pd/ZrO2/La2O3 catalyst are shown in Figure 34 (b -c). The interpretation of the 
Pd3d spectra was complicated for the Pd/ZrO2/La2O3 catalyst because of the overlap of peaks 
of Pd3d and Zr3p. Nevertheless, it was possible to determine the maximum of the Pd3d3/2 




peak (340.4 eV for the fresh sample, 341.4 eV after use). The Pd3p1/2 electrons were 
additionally recorded (Figure 34c). In both samples (fresh and utilized), the maximum was 
observed at 558.6 eV. This indicates that the most part of Pd is metallic and that the electronic 
structure of the Pd NP is not changed by the oxidation reaction Figure 34 (b-c). As mentioned 
before, the identical Pd NPs were used to prepare heterogeneous catalysts (Pd/TiO2 and 
Pd/ZrO2/La2O3. Thus, the presence of the bivalent Pd in the XPS spectra of Pd/TiO2 and its 
absence in the case of Pd/ZrO2/La2O3 indicates the influence of the support on the electronic 
structure of the deposited Pd NPs.  
 
Figure 34. XPS spectra of a) the Pd3d electrons from the fresh and used (3x) Pd/TiO2 catalysts, b) the 
Zr3p and Pd 3d electrons and c) the Pd3p electrons from the fresh and used (3x) Pd/ZrO2/La2O3 catalysts. 
Previously, it was reported that the interactions between the Pd clusters and TiO2 are strong 
[190]. Ti2p electrons were additionally recorded for the used and fresh catalysts to confirm 
this strong interaction in our studies (Figure 35). For the fresh catalyst only a Ti
4+
 peak was 





Obvious evidence from the interaction of Pd NPs with the TiO2 support is the presence of Ti
3+
 
during HMF reaction. Furthermore, such interactions might be the reason for the short time 
deposition during the preparation of Pd/TiO2, hence a faster adsorption of the Pd NPs on TiO2 
compared to the other supports. 




















Figure 35. XPS spectra of the Ti2p electrons from the fresh and used (3x) Pd/TiO2 catalyst. 
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Previously, it was proposed that molecular oxygen has an indirect role in HMF oxidation by 
scavenging the electrons deposited onto the supported metal particles (Pt and Au based 
materials) [129]. The peak of the bivalent Pd species decreased during the HMF oxidation as 
shown in Figure 34a. This might be occurred because the Pd NPs accept electrons which were 
liberated during HMF oxidation. The formation of Ti
3+
 during the reaction might be explained 
as follows: Since the formation of byproducts is relatively high in the HMF oxidation on 
Pd/TiO2 catalyst. These byproducts might block active surface sites of the catalyst, hence, to 
make them inaccessible for molecular oxygen. Therefore, electrons which are released during 





 in TiO2. 
 
It is worth mentioning that not only a low amount of Pd leached onto the support was 
observed during the oxidation reaction, but also a decrease of the amount of PVP on the 
support surface. This was evident by a lower amount of nitrogen on the support surface after 
the reaction (Table 23). This might be caused by the degradation of PVP. Those NPs which 
were formerly firmly embedded in the polymer could immigrate to the support surface or into 
the liquid phase. On the support surface they could undergo e.g. aggregation reactions, and 
thus form aggregated Pd structures, as already observed in the STEM images (Figure 33). 
Since good adsorption of PVP was observed for alumina, the amount of Pd NPs which are 
embedded in adsorbed polymer should be the highest. However, the largest aggregated Pd 
structures were observed for the alumina support after HMF oxidation. Differences in surface 
charge between the supports ZrO2/La2O3 and Al2O3 in basic solution are indicated by the 
more negative zeta potential of the respective support (pH 10: -43 mV compared to pH 10: -
24 mV). This could be another reason for a lower degree of aggregation of Pd NPs on 
ZrO2/La2O3 compared to Al2O3. Degradation of PVP could use as an interpretation for 
comparable catalytic performance in the recycling experiments, despite the observed Pd 
leaching. Surface sites formerly blocked by PVP might become accessible during these 
processes. The low differences in FDCA yield between the consecutive runs in the recycling 
experiments might be attributed to the formation of Pd aggregates composed of formerly 
smaller particles. In such structures the Pd NPs would only lose a small part of their surface. 
Thus, large parts of the previous structure should still remain intact 




Table 23. Composition of the near-surface region of the fresh and used catalysts (by XPS). 
Entry Catalyst  Pd N Ti 
1 Pd/TiO2 fresh 0.009 0.039 1 
2 used (3x) 0.008 0.014 1 
   Pd N Zr 
3 Pd/ZrO2/ La2O3 fresh 0.194 0.295 1 
4 used (3x) 0.112 0.129 1 
5.2.2.2 Influence of modified palladium nanoparticles on HMF oxidation 
 
The formation of the highest amount of side products during the HMF oxidation was obtained 
for Pd/TiO2. However, this support showed the strongest interaction with Pd NPs. This strong 
interaction led to a decrease of changes in the Pd structure and in the particle size of NPs, and 
also to a decrease of the amount of Pd leaching during the oxidation reaction in alkaline 
aqueous solution. Thus, these observations have been considered as promising results for our 
further studies concerning the modification of the surface of Pd nanoparticles with the 
addition of a second metal. The modification could lead to a decrease of side product 
formation as observed on monometallic Pd/TiO2 catalyst (Section  5.2.2.1). The pre-formed Pd 
NPs (mean diameter =1.8 nm) were modified by adding a second metal to obtain bimetallic 
Pd-M NPs (M = Ag, Cu, or Au). The prepared bimetallic catalysts were used in the HMF 
oxidation under the identical reaction conditions. Titania supported Pd-Cu NPs catalyst (4:1 
molar ratio of Pd to Cu) showed a superior catalytic performance and resulted in 93 % FDCA 
yield at full HMF conversion (Entry 3) which is better compared to those experiments on the 
Pd-Cu catalyst (Pd:Cu = 10:1 mol/mol) catalyst and monometallic Pd counterpart as well 
(Entries 1-2, Table 24). Previously, it was reported that an alloyed Au-Cu/TiO2 gave a higher 
FDCA yield compared to monometallic Au catalyst counterparts. It was attributed to the 
presence of the second metal (copper) in the active site of the catalyst [119]. A higher yield of 
FDCA (≥ 86 %) was also obtained using Pd-Ag catalysts (10:1 or 4:1 molar ratio of Pd to Ag) 
compared to the monometallic Pd catalyst (Entries 4-5, Table 24), whereas an obvious 
decrease of FDCA yield to 50 % was observed for the Pd-Au catalyst (Pd:Au = 4:1 mol/mol) 
(Entry 6). 
Based on the XPS results (Section  5.1.4), we cannot attribute the difference in the catalytic 
performance of the bimetallic Pd catalysts to the oxidation state of the Pd NPs. As described 




before, the addition of the second metal changed the oxidation state of the Pd NPs. In the case 
of copper addition only Pd bivalent is present, while the addition of Au led to a reduction of 
Pd
2+ 
slightly. The lowest amount of Pd bivalent was observed when Ag was present in the 
catalyst. However, the results showed that a similar activity was observed for all these 
bimetallic catalyst. Higher yields of FDCA connected with lower amount of side products 
were obtained for Pd-Cu and Pd-Ag catalysts. It was assumed that the second metal (Ag or 
Cu) was located near the surface of nanoparticles and therefore has changed the surface 
structure of the NPs. The addition of gold showed a worse catalytic behaviour compared to 
the other bimetallic (Pd-Ag and Pd-Cu) and even to monometallic Pd catalysts. This could be 
attributed to the high activity of gold which led to an increased activity of the catalyst for 
HMF degradation pathways rather than oxidation of the reactants. 
 
Table 24. Catalytic results of HMF oxidation (X- HMF conversion, Y – product yield) on Pd-M/support 
materials with continuous addition of a homogeneous base (aq. NaOH). 
 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), molar ratio HMF/ Pd = 100, O2 flow rate = 35 





Figure 36 shows the comparison of the temporal evolution of HMF conversion and product 
yield in the presence of Pd-Cu/TiO2 and monometallic Pd/TiO2 catalysts. HMF was fully 
converted within 1.5 h in all three used catalysts (Figure 36a). As mentioned before, the rate 
of HMF conversion is affected by the rate of base addition. The intermediates HMFCA and 
FFCA were detected in the initial stage of the oxidation reaction independent on the used 
catalyst. The maximum concentration of both intermediates was achieved approximately at 
the same time around 1 h after start of the reaction, for all the used catalysts. The lowest 
concentration of HMFCA of 28 % at 1 h was obtained with Pd-Cu/TiO2 (Pd:Cu = 4:1 
















 - >99 2 19 62 0.83 
2 Pd-Cu/TiO2 10:1 >99 0 20 80 1 
3 Pd-Cu/TiO2 4:1 >99 0 0 93 0.93 
4 Pd-Ag/TiO2 10:1 >99 0 0 86 0.86 
5 Pd-Ag/TiO2 4:1 >99 1 1 88 0.90 
6 Pd-Au/TiO2 4:1 >99  1 15 50 0.66 




catalyst ability for the oxidation of the intermediate HMFCA completely (Figure 36b). The 
FFCA was oxidized to FDCA within 4 h for all the used catalysts (mono- and bimetallic 
catalyst) (Figure 36c). This was observed for the unsupported monometallic catalyst. The 
difference in the yields of the HMFCA intermediate led to different yields of FDCA. The 
highest yield of FDCA in combination with the lowest amount of side products (derived from 
carbon mass balance) was obtained with Pd-Cu/TiO2 (Pd:Cu= 4:1 mol/mol) catalyst (Figure 
36d). 
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Figure 36. Plots of HMF conversion (a) and product yields (b-d) versus time on Pd/TiO2 and Pd-Cu/TiO2 
catalysts. Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 (mol/mol), O2 flow rate (35 
mL/min), 90 °C, (1 mL/h) aq. NaOH addition (0.5 M). 
Figure 37 shows the comparison of the temporal evolution of HMF conversion and product 
yield in the presence of Pd-Ag/TiO2 catalyst with the monometallic Pd/TiO2. HMF was fully 
also converted within 1.5 h with all three used catalysts (Figure 37a). The intermediates 
HMFCA and FFCA were detected in the initial stage of the oxidation reaction independent of 
the used catalyst. The intermediate HMFCA was achieved its maximum at the time interval of 
1 h for all catalysts. An increase in the silver content in the catalyst led to increased oxidation 
rate of HMFCA. Thus, the lowest concentration of HMFCA of 10 % at 1h was detected for 
Pd-Ag/TiO2 (Pd: Ag = 4:1 mol/mol) (Figure 37b). The HMFCA was completely oxidized on 
Pd-Ag catalyst, but the transformation of HMFCA was stopped after 2h on monometallic 




counterparts. FFCA was completely oxidized to FDCA within 4 h on all the used catalyst 
(Figure 37c). Before the concentration of both intermediates (FFCA and HMFCA) reached 
the maximum, FDCA started to form. A higher yield of FDCA ≥ 86 % was obtained with Pd-
Ag/TiO2 catalysts (Pd:Ag = 10:1 or 4:1 mol/mol) (Figure 37d). 
































































































Figure 37. Plots of HMF conversion (a) and product yields (b-d) versus time on Pd/TiO2 and Pd-Ag/TiO2 
catalysts. Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 (mol/mol), O2 flow rate (35 
mL/min), 90 °C, (1 mL/h) aq. NaOH addition (0.5 M). 
 
In conclusion, the addition of the second metal Ag or Cu to monometallic Pd catalyst 
increased the capability of the catalyst to oxidize the HMFCA completely which is considered 
as a critical step in HMF oxidation. Moreover, it prevents the catalyst from fast deactivation 
which was observed for the monometallic Pd catalysts. Furthermore, the amounts of 
byproducts were clearly reduced compared to monometallic Pd/TiO2. Thus, a change of the 
electronic and geometric structure of the active site of the catalyst compared to the 








5.2.3 HMF oxidation on supported monometallic Pd NPs without base addition  
5.2.3.1 Effect of the support  
 
Recently, a high yield of FDCA (≥ 99) was obtained by the oxidation of HMF in base free 
aqueous solution on an Au/HT catalyst under an ambient oxygen pressure at 90 °C [125]. 
However, the HMF oxidation was performed without addition of a base to obtain information 
about the behavior of the Pd NPs based materials in base free solution.  
Table 25 summarizes the results which were obtained after a reaction time of 8 h. No 
conversion of HMF was observed if the bare HT_30 support was used as catalyst (Entry 1, 
Table 25). This is in accordance with previously reported results [127]. If the Pd/hydrotalcite 
used as catalysts, the HMF was converted with formation of the desired products of HMFCA, 
FFCA, and FDCA (Entries 2-5, Table 25). The highest FDCA yield (95 %) with a complete 
HMF conversion was obtained on Pd/HT_30 (Entry 2). The achieved FDCA yield is almost 
comparable to that obtained on an Au/HT catalysts (99 %) without base addition [125].  
After thermal treatment of the unloaded HT_30 support (at 300 °C in an O2/Ar flow) prior to 
the Pd NPs deposition, a decreased FDCA yield (73 %) was observed (Entry 3). The yield of 
FDCA on the Pd/HT_61 and Pd/HT_70 materials were 66 % (at 96 % of the HMF 
conversion) and 52 % (at 88 % of the HMF conversion), respectively. In addition, larger 
yields of HMFCA and FFCA could be detected in addition to FDCA. The hydrotalcite 
supports differ in their Mg to Al ratio which increases from HT_30 to HT_70 (Table 26).  
For a Pd/KF/Al2O3, conversions of HMF of 60 % were detected, but with only 3 % FDCA 
yield in respect to the other desired products e.g. HMFCA and FFCA (Entry 6). In the case of 
a Pd/Al2O3, a lower HMF conversion of 10 % was obtained (Entry, Table 25). Al2O3 is 
classified as an amphoteric support and the basic properties of the KF/Al2O3 appeared because 
of the presence of KF in the catalysts. This might be a reason for achieving a higher HMF 
conversion on Pd/KF/Al2O3 than on Pd/Al2O3 [205]. The HMF conversion of 26 % was 
obtained on Pd/ZrO2/La2O3 (Entry 8, Table 25). It was reported that La2O3 has basic 
properties but it is available in this catalysts only with 7 wt % with the respect to neutral 









Table 25. Catalytic results of HMF oxidation (X-HMF conversion, Y-product yield) on different Pd 
NPs/support catalysts without addition of homogeneous base. 









1 HT_30 0 0 0 0  
2 Pd/HT_30 >99 0 2 95 0.97 
3 Pd/Cal.HT_30 98 3 3 73 0.80 
4 Pd/HT_61 96 19 4 66 0.92 
5 Pd/HT_70 88 25 10 52 0.98 
6 Pd/KF/Al2O3 60 15 30 3 0.80 
7 Pd/Al2O3 10 3 2 3 0.80 
8 Pd/ZrO2/La2O3 26 6 4 1 0.42 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF: Pd= 100 (mol/mol), O2 flow rate: 35 mL/ min, 
90 °C, and 8 h as the reaction time. 
Because the hydrotalcite supported pre-formed Pd NPs showed the best catalytic 
performances, the temporal evaluation of the reaction mixture on these materials was studied 
in detail. Figure 38 shows plots of HMF conversion and product yields versus reaction time 
for the Pd NPs/hydrotalcite catalysts. As mentioned before, the hydrotalcite supports differ in 
their Mg to Al ratio which will be shown later in Table 26. The increase in the molar ratio of 
Mg:Al is shown in this order: Pd NPs/HT_71 > Pd NPs/HT_61 > Pd NPs/HT_30. On the Pd 
NPs/HT_30, HMF was completely converted after about 4 h. The HMF oxidation on the Pd 
NPs/HT_61 and the Pd NPs/HT_70 was clearly slower and incomplete even within 8 h; 
however, it is assumed that it will be completed if the reaction time is extended to longer than 
8 h. The yield of the intermediate HMFCA on all three catalysts is low (about 10 %) which is 
clearly different compared to other supported catalysts (Figure 28). The time in which the 
maximum HMFCA yield was obtained shifted from 0.75 h on Pd NPs/HT_30 to about 3 h on 
Pd NPs/HT_70. Larger differences between the three catalysts were found in the temporal 
evaluation of the FFCA and the FDCA yield. For the most active catalyst of Pd NPs/HT_30, 
the yield of FFCA showed a maximum within 1.3 h (30 %). On the contrary, the maximum 
value of FFCA yield on the Pd NPs/HT_61 and Pd NPs/HT_70 was obtained clearly at longer 
reaction time of 3 h. The formation of FDCA was also much faster on Pd NPs/HT_30 than on 
the other materials. Generally, differences in the HMF conversion and product yield between 
the Pd NPs/HT_61 and the Pd NPs/HT_70 are low in comparison to Pd NPs/HT_30 catalyst. 
Both of them have a higher number of Mg atoms than the number of Al atoms. Table 26 




shows that the molar ratio of Mg:Al after deposition of the Pd NPs in ethanol and after 
oxidation reaction of HMF in water was changed to be lower 
















 time / h
a)
  







































 time / h
c)
  


















 time / h
d)
 
Figure 38. Plot of HMF conversion a) and products formation of HMF oxidation (b-d) versus time for Pd-
NPs/hydrotalcite catalysts. Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 
(mol/mol), 35 mL/min O2 flow rate, 90 °C, 8 h as the reaction time. 
 
 Catalyst stability and reusability 
Reusability studies without addition of homogenous were performed for Pd/HT_30, 
Pd/Cal.HT_30, and Pd/HT_70. The catalysts were recovered using the same produces which 
was used with others catalyst (Section  5.2.2.1).  
The catalytic results are displayed in Figure 39. For all three materials, HMF conversion and 
FDCA yield decreased strongly with increasing number of runs while the yield of the 
intermediates HMFCA and FFCA increased. The formation of undesired side products under 
these conditions was generally low.  








































Figure 39. Reusability study using Pd/HT catalysts without base addition; a)- Pd/HT_30, b)- 
Pd/Cal.HT_30 and c)- Pd/HT_70. Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 
(mol/mol), 35 mL/min O2, 90 °C, 8 h as the reaction time, ■ X(HMF), ■ Y(HMFCA), ■ Y(FFCA) and ■ 
Y(FDCA). 
The basic properties of the hydrotalcite are considered as a key factor for the formation of 





[207]. With increasing the amount of Mg, the total number of basic sites increases [208, 
209].  
One can assume that the formation of FDCA not only depends on basicity of the support but 
also on other parameters because the material with the highest number of basic sites 
(Pd/HT_70) gave the lowest catalytic performance. The particle size of Pd NPs deposited on 
the hydrotalcites is almost identical (Table 15). This result suggests that differences in the Pd 
NPs structure will not be the main reason for differences in catalytic performance between the 
different Pd/hydrotalcites. Moreover, the Pd content in the post reaction mixture, determined 
by AAS, is one order lower than the Pd amount measured at presence of homogenous base 
what indicates marginal Pd leaching (Table 26). However, the Mg/Al ratio of the support is 
believed to have an impact (Table 26). The hydrotalcite support loses Mg already during the 
Pd NPs deposition. This process continues if the material will be utilized in HMF oxidation, 
e.g. the HT_30 has lost the Mg almost completely after the third run. The loss of Mg is 
furthermore confirmed by the pH value of the post reaction mixture which was clearly higher 
than could be expected from an aqueous FDCA solution (Table 26). This implies that the 
results strongly depend on the amount of Mg which is leached into the reaction mixture. Mg 
leaching is also considered as a reason for a low catalytic stability of the materials.  




Table 26. Results of elemental analysis of Pd NPs/hydrotalcite catalysts and of the post reaction mixture. 












1 Pd/HT_30 0.52 0.56 0.34
a
   
first use n.d.* n.d.* - 7.2 4.2x10
-5
 
second use 0.54 n.d.* 0.11
b
 7.2 n.d.* 
third use 0.70 n.d.* 0.02
b
 6.7 n.d.* 
2 Pd/HT_61 0.28 2.45 1.96
a
   





3 Pd/HT_70 0.38 2.7 3.20
a
   





third use 0.47 n.d.* 1.5
b
 n.d.* n.d.* 
a
 after Pd NP deposition, 
b
 after HMF oxidation, 
c
 post reaction mixture, *not determined.  
The assumption of alterations in the support structure is further supported by XRD studies. X-
ray powder pattern of Pd/HT samples are shown in Figure 40.  
The unloaded hydrotalcites show only diffraction pattern of a hydrotalcite phase (PDF- Nr. 
51-1525). Using the Scherrer formula, the mean crystallite size determined from the most 
intensive peak at 10° amounted to (10 nm for HT_30), (38 nm for HT_61), and (40 nm for 
HT_70). The structure of the HT_30 support already started to change during NPs deposition. 
Besides the peak already mentioned, new peaks appeared which display the formation of an 
AlOOH phase (PDF –Nr. 49-0133). The peak intensity of the AlOOH phase increases when 
the sample is utilized in HMF oxidation while that of the hydrotalcite phase decreases. After 
the third use the hydrotalcite phase has completely disappeared. However, beside peaks from 
the AlOOH phase new XRD peaks are visible which can be attributed to the formation of an 
aluminum hydroxide phase (PDF-Nr. 77-0114). 












































































Figure 40. Influence of Pd NPs deposition and HMF oxidation on the XRD pattern of a)- Pd/HT_30, b)- 
Pd/Cal. HT_30 and c)- Pd/HT_70 ( - AlOOH, ○ - Al(OH)3). 
 
If the HT_30 support is calcined at 300 °C, the peaks from the hydrotalcite structure is clearly 
broader which indicate an amopherization during calcinations (Figure 40b). The shape of the 
powder pattern after its first utilization in HMF oxidation is almost identical to the pattern of 
the material after calcinations. However, after its second use, only peaks of an AlOOH phase 
were detected which was already observed for the Pd/HT_30. For Pd/HT_70 the alterations 
are lower. But even here, a clear broadening of the line can be observed after third use which 
could be again interpreted as an indication of a beginning structural change.  
 
In conclusion, the HMF oxidation could proceed on Pd based materials in base free solution. 
However, enhanced reaction rates were observed when supports with basic properties were 

















5.2.4 Catalytic oxidation of glycerol to lactic acid 
5.2.4.1 Effect of bimetallic catalysts on the glycerol oxidation 
 
It has been shown that the modification of the surface of palladium NPs with an additional of 
metal e.g. Ag or Cu led to a decrease of side product formation and prevents the monometallic 
Pd catalyst from a fast deactivation during the HMF oxidation reaction [115]. Therefore, the 
titania supported bimetallic Pd-Ag NPs and Pd-Cu NPs were applied in the selective 
oxidation of glycerol (GLY).  
Initially, a glycerol oxidation was carried out in the absence of catalyst using 5 mmol of aq. 
GLY solution in a 2:1 molar ratio of NaOH:GLY at 60 °C. Under these conditions only a very 
low GLY conversion was evident (Entry 1, Table 27). In the presence of homogenous catalyst 
precursors, a slightly higher, yet low GLY conversion has been observed (Entries 2-4, 
Table 26). However, a molar ratio of GLY:metal (500:1) was necessary to promote the 






 catalyst are not suitable 
for efficient GLY oxidation. In presence of mono- and bimetallic palladium-nanoparticles on 
solid TiO2 support (Pd/TiO2 or Pd-M/TiO2), the GLY conversion was clearly superior. The 
GLY conversion was about 42 % on monometallic Pd/TiO2 (Entry 5, Table 27). In the case of 
bimetallic Pd-M/TiO2 catalysts (M = Ag or Cu), the glycerol conversion was clearly 
improved. The best result was achieved using the Pd-Ag/TiO2 catalyst (Pd:Ag = 4:1 mol/mol) 
(Entries 6-9, Table 27). The bimetallic Pd-Cu/TiO2 catalysts showed clearly a lower lactic 
acid (LA) selectivity and an inferior carbon mass balance compared to monometallic Pd/TiO2 
and bimetallic Pd-Ag/TiO2 (Entries 8-9, Table 27). The obtained results could be explained 
based on the results from XPS analysis (Section  5.1.4) with the respect to the active second 
metal. XPS analysis showed that the oxidation state of the Pd is different in these catalysts. A 
bivalent Pd species was present in Pd-Cu catalyst while Pd-Ag mostly consisted of a metallic 
Pd. In the case of monometallic catalyst, Pd/TiO2 showed both metallic and bivalent Pd 
species. Besides LA, the other main product of glycerol oxidation on both monometallic 
Pd/TiO2 catalyst and bimetallic Pd-M/TiO2 catalyst was glyceric acid (GLYA) occurring in a 
range between 17 and 27 %. Other products [glycolic (GOA), tartonic (TA), and oxalic acid 
(OXA)] were detected in minor amounts < 6 %. 
The molar carbon mass balance varied between 0.63 and 0.83 in the experiments performed in 
presence of mono- or bimetallic catalysts. A relatively low molar carbon mass balance in a 
GLY oxidation was previously observed. Different reasons were considered: a)- 
polymerization of reaction products to polymers which are undetectable by HPLC analytical 




method, b)- adsorption of reaction products onto the support, and c) the sequential oxidation 
of the C-3 and C-2 products to CO2 and formic acid [210].  
 
Table 27. GLY oxidation over titania supported bimetallic nanoparticles. 
Reaction conditions: (5 mmol, 0.5 M) glycerol, GLY:Pd=5000 (mol/mol), 
2
GLY:Pd=500 (mol/mol), 
NaOH:GLY= 2:1 (mol/mol), 800 rpm, 5 h, 60 °C, 10 mL total volume of the reaction solution. *not 
detected, 
1
 nominal ratio.  
5.2.4.2 Effect of silver content on the GLY oxidation  
 
The results showed that the bimetallic Pd-Ag catalyst is more active and selective catalyst 
compared to monometallic Pd or Pd-Cu catalyst. Furthermore, the LA selectivity increased 
when silver content increased in the catalyst. Therefore, the Pd-Ag catalyst with a high 
amount of Ag (Pd:Ag =2:1 mol/mol) was prepared and compared with the other monometallic 
Pd and bimetallic Pd-Ag catalysts in GLY oxidation. 
The initial activity of mono and bimetallic catalyst after 30 min was calculated according to 
the following formula [(mol GLY consumed per nominal mol metal (Pd+Ag) per hour)]. The 
initial activity of monometallic Pd/TiO2 catalyst of 2294 (Entry 1, Table 28) was clearly 
higher compared to the bimetallic Pd-Ag/TiO2 catalysts. Regarding the bimetallic catalyst, the 
initial activity was decreased as the silver content in the catalysts increased (Entries 2-4, Table 
28). It was reported that Ag is less active than Pd in the oxidation of benzyl alcohol [81] and 





X % S % 
GLY GLYA LA GOA TA OXA Balance 
1 blank - 2 3 85 7 n.d.* n.d.* 0.95 
2 
2
Na2PdCl4 - 6 3 10 18 n.d.* 17 0.48 
3 
2
AgNO3 - 24 2 4 23 n.d.* 6 0.35 
4 CuCl2 - 11 12 - 28 n.d.* 5 0.45 
5 Pd/TiO2 - 42 28 45 3 n.d.* n.d.* 0.76 
6 Pd-Cu/TiO2 10:1 76 24 32 2 5 1 0.64 
7 Pd-Cu/TiO2 4:1 78 26 29 3 3 2 0.63 
8 Pd-Ag/TiO2 10:1 78 20 51 2 4 1 0.78 
9 Pd-Ag/TiO2 4:1 88 18 56 2 6 1 0.83 




ratio of (10:1 or 4:1 mol/mol) showed a higher LA selectivity compared to the monometallic 
Pd NPs based material (Entries 2-3). However, a further increase of the Ag content in the 
catalyst (Pd:Ag=2:1) led to a drop in LA selectivity below 52 % (Entry 4). The other main 
product of glycerol oxidation on both Pd/TiO2 and Pd-Ag/TiO2 was GLYA which was formed 
in between 8 and 15 %. Other products [glycolic (GOA), tartonic (TA), oxalic (OXA), formic 
(FA), and acetic acid (AA)] were detected with a very low selectivity.  
Previous studies reported that a Pd/C catalyst efficiently promotes the oxidation of GLY to 
GLYA in alkaline solution with selectivity >60 % [24, 26]. Additionally, dihydroxyacetone 
(DHA) was found to be the main product by oxidation of GLY on an alloyed bimetallic Pd-
Ag/C catalyst (molar Ag:Pd ratio 1:1) in the absence of base [80]. Thus, this indicates that 
product selectivity is not only influenced by the active metal but also depends on other 
reaction parameters. 
Table 28. Glycerol oxidation on titanium oxide supported Pd and Pd-Ag catalysts. 
Reaction conditions: (5 mmol, 0.5 M) GLY, GLY:Pd=5000 (mol/mol), NaOH:GLY= 2:1 (mol/mol), 800 
rpm, 5 h, 100 °C, 10 mL total volume of the reaction solution.*not detected, 
1








Entry Catalyst Initial 
activity 
X[%] S [%] 
GLY GLYA LA GOA TA OXA FA AA Balance 
1 
1















463 98 14 51 1 5.6 1 2 1 0.75 




 Reusability of the supported catalyst in the GLY oxidation 
In order to obtain information about the catalytic stability of the Pd and Pd-Ag based 
materials, the Pd/TiO2, Pd-Ag (10:1)/TiO2, Pd-Ag (4:1)/TiO2, and Pd-Ag (2:1)/TiO2 catalysts 
were reused under the applied reaction conditions of 5 bar oxygen pressure, 2:1 molar ratio of 
NaOH to GLY at 100 °C. Concerning this matter, the catalysts were recovered following the 
same produce which was previously used for other catalysts in the HMF oxidation (Section 
 5.2.2.1). GLY conversion and product selectivity are presented in Figure 41.  
For Pd/TiO2 catalyst, a dramatic decrease in the glycerol conversion and lactic acid selectivity 
from 66 % at 97 % glycerol conversion in first run to 17 % at 47 % glycerol conversion in 
third run has been observed. At the same time, an increased formation of glyceric acid 
(GLYA) from 9 % to 30 % was detected. Similar behavior was observed in the case of 
bimetallic Pd-Ag catalyst with 10:1 molar ratio of Pd to Ag. The LA selectivity was likewise 
decreased from 77 % at 98 % GLY conversion in first run to 57 % at 62.9 % GLY conversion 
in third run in conjunction with an increased amount of GLYA (8 % to 32 %).  
Surprisingly, as the silver content increased in the catalyst, the bimetallic catalyst became 
more stable and recyclable under the same reaction conditions. It was observed a slight 
decrease of GLY conversion with a constant LA selectivity of 77 % on Pd-Ag (4:1)/TiO2 and 
50 % for Pd-Ag (2:1)/TiO2, respectively, over three runs. The observed slight decrease of the 
GLY conversion might be attributed to the loss of the materials during the washing steps. This 
was detected by the weighting of the catalyst before and after the washing. Within the limits 
of sensitivity of ICP, no Pd or Ag species had leached into solution in the case of bimetallic 
Pd-Ag catalysts. Noteworthy, about 0.1 wt % Pd species was detected in the solution where 
monometallic Pd catalyst was used.  
It is know that the Pt-group (e.g. Pt and Pd) suffers from a fast deactivated by oxygen [98]. 
However, the presented findings could be attributed to that an increasing in the silver content 
in the catalyst led to prevent the poisoning of Pd site by oxygen (irreversible deactivation). 
This results the possibility of reusing the catalyst. Previously, it was reported that a bimetallic 
Au-Pt/TiO2 catalyst was more stable compared to monometallic counterparts [32]. It was 
stated that the interaction of Au with Pt avoided the agglomeration of Au particles and the 
poisoning of Pt site by oxygen as well. 










































































Figure 41. Recycling of the catalysts in GLY oxidation. Reaction conditions: GLY (5 mmol, 0.5M), 
Vtotal=10 mL, GLY:Pd = 5000:1 (mol/mol), NaOH:GLY = 2:1(mol/mol), 5 h, and at 100 °C, ■ X% (GLY), 
■ S% (GLYA), ■ S% (LA). 
 
The recycled Pd-Ag (4:1)/TiO2 catalyst was characterized by STEM-HAADF and compared 
with the fresh catalyst (Figure 42). The histogram of particle size distribution derived from 
STEM images showed that the mean size and width of size distribution of Pd-Ag NPs on TiO2 
increased after utilization of the catalyst in GLY oxidation from 1.8 in fresh catalyst to 4.0 nm 
after the first run. In both cases the NPs have approximately a spherical shape.  
 
Figure 42. STEM-HAADF images and particle size distributions of Pd-Ag (4:1)/TiO2 (82 particles) used in 
GLY oxidation. 
 




In order to obtain information about the electronic structure of the Pd and Ag in the catalysts, 
the Pd-Ag/TiO2 catalysts were characterized by XPS after using them in a GLY oxidation. 
Figure 43 a represents XPS spectrum of Pd3d electrons for the Pd-Ag/TiO2 (Pd:Ag= 10:1 and 
4:1 mol/mol).catalysts. Here, Only Pd in metallic state (3d5/2 = 335.4 eV, 5d3/2 = 340.6 eV) 
was observed and all bivalent Pd species was reduced during glycerol oxidation. As 
mentioned before, the binding energy of oxidic and metallic Ag is very close to each other 
and hence it is not possible to distinguish between one or the other species by XPS [193]. 
Thus, no clear information could be obtained from Figure 43b.  


















                   













Electron Binding Energy / eV





Figure 43. XPS spectra of a)- Pd 3d and b)-Ag 3d of the used Pd-Ag/TiO2 catalysts. 
 
The amount of the polyvinylpyrrolidone (PVP) stabilizer on the surface of the catalyst was 
clearly decreased on Pd-Ag evident by a decreased N to metal ratio (Table 29). This might be 
due to PVP degradation or desorption as already observed during HMF oxidation (Section 
 5.2.2.1). Degradation of PVP might also serve as explanation for comparable catalytic 
behavior in the reusability experiments, despite the increasing in the particle size of Pd NPs. 
Surface sites previously blocked by PVP might become accessible during these processes as 
already shown in a HMF oxidation (Section  5.2.2.1).  
Table 29. Composition of the near-surface region of the fresh and used catalysts (by XPS). 
Entry Catalyst  Pd Ag N Ti 
1 Pd-Ag (10:1)/TiO2 fresh 0.0078 0.0017 0.035 1 
used (1x) 0.0066 0.0011 0.022 1 
2 Pd-Ag (4:1)/TiO2 fresh 0.0064 0.00136 0.038 1 
used (1x) 0.0094 0.0032 0.0086 1 
 




5.2.4.3 Influence of the reaction parameters on GLY oxidation 
 
A high lactic acid (LA) selectivity of 77 % was obtained on a Pd-Ag catalyst (Pd:Ag = 4:1 
mol/mol) which additionally showed a stable catalytic performance when the catalyst was 
recycled. Therefore, this catalyst was chosen to study the effect of reaction parameters on a 
GLY oxidation in comparison with its monometallic Pd counterparts under varying reaction 
conditions. 
 Effect of the temperature  
The reaction temperature was studied in the range 30-120 °C on monometallic Pd and 
bimetallic Pd-Ag catalysts (Pd:Ag = 4:1 mol/mol) under the applied reaction conditions of 5 
bar as oxygen pressure and in the presence of base (NaOH to GLY= 2:1 mol/mol). 
Figure 44 shows the temporal evolution of GLY conversion and products distributions at 
different temperatures on the Pd/TiO2 catalyst (Entries a-c). The rate of GLY conversion 
increased as the temperature increased (Figure 44a). At 30 °C, GLY conversion was lower 
than 20 % even after prolonged reaction times of 32 h. Previously, it was reported that the 
activity of Au/C catalyst was higher than that on Pd/C at 30 °C. This was attributed to a fast 
poisoning of Pd surface by oxygen at low temperature. However, at elevated temperatures up 
to 60 °C, the Pd/C became more active and the effect of poisoning less pronounced [29]. The 
LA selectivity increased as the reaction temperature increased up to about 70 % at 120°C. At 
30 °C, the selectivity of LA formation decreased with increasing GLY conversion but it 
seemed to be nearly independent of the GLY conversion at higher temperatures. Regarding 
the GLYA selectivity, it was detected as the major product at 30 °C in 55 %. 
(Figure 44, Entries d-f) shows the temporal evolution of GLY conversion and product 
distribution at different temperatures on the Pd-Ag/TiO2 catalyst. The conversion of GLY 
increased also as the temperature increased. At 30 °C, the GLY conversion was much higher 
when Pd-Ag/TiO2 was used as catalyst (77 % GLY conversion in 32 h) compared to 
monometallic Pd catalysts. This result indicates that the presence of Ag in the Pd catalyst 
might lead to increased resistance of Pd catalyst from poisoning by oxygen at low 
temperature. In terms of LA selectivity, it was increased as the temperature increased up to 
100 °C and seems to be also independent of GLY conversion.  
At higher temperature of 120 °C, the LA selectively maintained constant of 77 % (Figure 
44e). Regarding GLYA, at 30 °C also it was detected as a main product with 35 % selectivity 
and was likewise independent of the GLY conversion (Figure 44f).  
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Figure 44. Plots of GLY conversion versus time, LA and GLYA selectivity versus GLY conversion under 
different temperatures on Pd/TiO2 (a-c) and on PdAg(4:1)/TiO2 (d-f) as catalysts, GLY (5 mmol, 0.5M) 
Vtotal =10mL, GLY/Pd = 5000:1 (mol/mol), NaOH:GLY= 2:1 (mol/mol), pO2 = 5 bar. 
In conclusion, a high temperature of 100 °C is required to produce lactic acid with high yield 
on Pd or Pd-Ag catalysts. Similarly, it was reported that the temperature has an impact on the 
LA selectivity in alkaline or acidic solution [33, 35].  
 
 Effect of the NaOH/GLY ratio  
Previously, it was reported that the nature and concentration of base is crucial in the GLY 
oxidation [211]. Therefore the influence of base concentration was studied on a Pd-Ag 
(4:1)/TiO2. In base free solution, no conversion of GLY was detected even after 5h. This 
result confirmed the necessity of the presence of base to initiate the oxidation of GLY on the 
heterogeneous metal surface and hence depicts the first step of the alcohol oxidation 
mechanism., The dehydrogenation of the alcohol group does not occur in absence of base as 
previously reported [212, 213].  
The influence of base on GLY conversion and product selectivity is shown in Figure 45. If a 
1:1 molar ratio of NaOH to GLY was used, a GLY conversion of 80 % was obtained after 5 h. 
The same degree of GLY conversion was achieved for the 2:1 and 4:1 ratios but clearly at a 




shorter time of 2.5 h. A Low conversion of GLY at low base concentration was previously 
associated with the consumption of base during the oxidation reaction [155].  
The highest LA selectivity (77 %) was obtained for the experiment where a 2:1 molar ratio of 
NaOH to GLY was used. However, when the reactions were performed with (1:1) or (4:1) 
molar ratios of NaOH to GLY, selectivity of LA dropped to 69 % and 62 %, respectively. A 
reason for the lower selectivity of lactic acid formation at low molar ratio of NaOH to GLY 
was previously suggested by Roy et al. [155]. It was attributed to the complete consumption 
of base preventing the conversion of pyruvaldehyde to lactic acid. A lower LA selectivity at 
higher molar ratio of NaOH to GLY might be due to competing oxidation pathway of GLY to 
glyceric acid on the expense of lactic acid formation (the reaction pathways will be explained 
vide infra, Section  5.2.4.4). This assumption was drawn from the selectivity of the other 
oxygenated products e.g. glyceric acid (7 %), tartonic acid (9 %), glycolic acid (4 %), oxalic 
acid (13 %) and acetic acid (1 %) which were higher compared to those obtained at lower 
molar ratio of base to GLY.  
Based on the reported literatures, a high molar ratio of base to GLY of (4:1) was required to 
obtain a high selectively of LA on Au/CeO2, Au-Pt/TiO2, and Au-Pt/CeO2 catalysts [32-34]. 
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Figure 45. Plots of a) - GLY conversion with time, b) – LA selectivity versus GLY conversion and c) -
GLYA selectivity versus GLY conversion for different molar NaOH/GLY ratio, using Pd-Ag (4:1)/TiO2, 









 Effect of the O2 pressure  
The effect of oxygen pressure on a GLY conversion and product selectivity was studied as 
well. In the case of Pd/TiO2 catalysts, the GLY conversion and LA selectivity increased as O2 
pressure increased from 1.5 (X (GLY) = 50 %, S (LA) = 40 %) to 5 bar (X(GLY) = 98 %, 
S(LA)= 65 % ) (Figure 46a). When the oxygen pressure was increased up to 10 bar both GLY 
conversion and LA selectivity dropped dramatically and GLYA was detected as a main 
product (43 %).  
This might be attributed to the deactivation of the Pd catalyst at high oxygen pressure by a 
(Pd_O2) adsorption as already suggested in HMF oxidation when a high oxygen flow rate was 
introduced. A strong decrease of conversion with increasing oxygen pressure was also 
observed on PVP-Pd NPs in benzyl alcohol oxidation. It was ascribed to formation of a metal 












































Figure 46. Influence of oxygen pressure on GLY conversion and product selectivity on a)-Pd/TiO2 and b)- 
Pd-Ag (4:1)/TiO2. Reaction conditions: GLY (5 mmol, 0.5M), Vtotal=10 mL, GLY:Pd = 5000:1 (mol/mol), 
NaOH:GLY = 2:1(mol/mol), and 100 °C). ■ X (GLY), ■ Y (GLYA), ■ Y (LA). 
 
Similarly, the conversion of GLY increased as the oxygen pressure increased from 1.5 up to 5 
bar on Pd-Ag (4:1)/TiO2 and at higher oxygen pressure of 10 bar the catalyst was still intact 
and no deactivation of the catalyst was observed as already seen on monometallic 
Pd/TiO2.(Figure 46b). Regarding the selectivity of LA and GLYA, both of them were almost 
independent on the oxygen pressure (Figure 46b). Similarly, it was reported that GLY 
conversion was increased as oxygen pressure was increased from 1 up to 5 bar and LA 
selectivity was likewise found to be quiet independent on oxygen pressure (74-80 %) using 
Au-Pt/nCeO2 as catalyst [33]. 
Consequently, the presented results indicate that the addition of Ag to Pd NPs prevents the 
catalyst from deactivation at high oxygen pressure.  




5.2.4.4 Proposed reaction pathway of the selective GLY oxidation  
 
It was reported that the pathway of glycerol (GLY) oxidation to glyceric acid (GLYA) and 
lactic acid (LA) are different on Au-Pt/TiO2 and Au/CeO2 catalysts [32, 34].  
In order to gain insight whether the over-oxidation and C-C bond cleavage products, which 
were detected during the performed catalytic experiments on Pd and Pd-Ag, are produced 
from glyceric acid or lactic acid pathway, additional experiments were conducted, using 
aqueous lactic acid (LA) (0.4 mmol, 9 mL) in the presence of Pd-Ag/TiO2 (4:1) as catalyst 
under 5 bar oxygen pressure at 100 °C. The results showed that the amount of lactic acid 
remained constant within 5 h (reaction time). This observation led us to the conclusion that 
the other degradation products ought to stem from the glyceric acid rather from the lactic acid 
pathway. Previously, it was reported that (5 %) of lactic acid was converted to oxalic, 
tartonic, and acetic acid on Au-Pt/CeO2 using the same oxygen pressure and temperature but 
at higher amount of catalyst (680:1 mol/mol) and base concentration (NaOH:GLY= 4:1 
mol/mol) [33].  
An experiment was also performed using DHA as reactant (5 mmol, 9 mL) instead of GLY (5 
bar oxygen pressure at 100 °C) in the presence of Pd-Ag/TiO2 (4:1) catalyst in base-free 
solution. The results showed that the conversion of DHA was very low (8 %) which indicates 
that DHA seems to be very stable in base-free solution. When the same experiment was 
performed with base-addition (NaOH:DHA= 2:1 mol/mol), a complete conversion of DHA to 
LA (>90 % yield) within 5 h has been detected. The same result was obtained in the basic 
solution in the absence of the Pd-Ag/TiO2 catalyst. Thus, these results indicate that 
conversion of DHA to LA is a homogeneous reaction catalyzed by hydroxyl ion (OH
-
) and no 
negative effect was observed on this conversion if the catalyst was added to the reaction 
solution. 
 
Recently, it was reported a reaction mechanism for the aerobic oxidation of GLY to DHA in 
base free aqueous solution on a Pd-Ag/C. This mechanism is proposed to be a 
dehydrogenation mechanism where the glycerol and the oxygen are activated on the catalyst 
surface [214]. On this catalyst, the secondary OH group of GLY had much higher reactivity 
compared to the other OH groups. However, the primary hydroxyl group of GLY is adsorbed 
on the surface of Ag site. The secondary alcohol group of GLY was attacked by atomic 
oxygen activated on the Pd site to break the C-H bond and the carbonylic product (DHA) is 
formed by the separation of O-H bond.  




Our results showed that the presence of base is necessary to initiate the oxidation of GLY on 
Pd-Ag/TiO2 catalyst (Section  5.2.4.3). However, the DHA will be in equilibrium with its 
tautomeric from glyceraldehyde (GLYHD) in an alkaline solution [32].  
Further catalytic oxidation of this intermediate [GLYHD = DHA] may deliver glyceric acid 
(GLYA). On contrary, the base-catalyzed dehydration of (GLYHD=DHA) produced the 2-
hydroxypropenal and pyruvaldehyde [32]. A 1,2-hydride shift of the keto-enol 
tautomerization intermediates leads to form lactic acid (LA) (Scheme 9).  
A high yield of LA can be obtained only if the rate of dehydration reaction of both 
intermediates DHA and GLYHD is faster than their oxidation. Other oxygenated products e.g. 
tartonic acid (TA), glycolic acid (GOA), oxalic acid (OXA), formic acid (FA), and acetic acid 
(AA) could be formed via glyceric acid pathway since lactic acid proved to be highly stable 




Scheme 9. Proposed reaction pathway of glycerol oxidation. 
 
 
In conclusion, the results showed the possibility obtaining a relatively high yield of lactic acid 
by oxidation of glycerol over Pd and Pd-Ag catalysts using a low amount of the catalyst and a 













6. Conclusion  
 
Differently sized PVP-stabilized Pd NPs (mean diameter =1.8-4.4 nm) were prepared in 
ethylene glycol at different molar ratios of NaOH:Pd. When the molar ratio of NaOH:Pd 
increased (in the NPs synthesis solution), a smaller particle size of NPs was formed.  
The synthesized monometallic Pd NPs were applied in HMF oxidation. The highest yield of 
FDCA (90 %) was obtained with the smallest particle size of Pd NPs (mean diameter =1.8 
nm). The oxygen content in the liquid phase has an impact on the catalytic performance of Pd 
NPs. Therefore, the oxygen flow rate should be adjusted carefully in order to obtain a high 
yield of FDCA. The Pd NPs were quickly deactivated if the oxygen flow rate was far from the 
optimum. However, the deactivation might be due to a block of the active surface sites by side 
products formation, if the oxygen content in liquid phase was too low (oxygen flow rate too 
low). While the deactivation might be caused by the interaction of the Pd surface with oxygen 
(Pd_O2), if the oxygen content in liquid phase was too high (oxygen flow rate too high). 
The catalytic performance of the stored Pd NPs in the same synthesis solution at atmospheric 
conditions was influenced by the pH of NPs synthesis solution. However, the catalytic 
performances of Pd NPs synthesized and stored in strongly alkaline medium remained 
unchanged after up to one month. An obvious loss of the catalytic performance was observed 
when the NPs were synthesized and stored in a neutral or acidic medium.  
 
The heterogeneous supported catalysts were prepared by colloidal deposition of pre-formed 
Pd nanoparticles onto carrier materials. The prepared catalysts were applied in the aerobic 
oxidation of HMF in aqueous solution under an atmospheric oxygen pressure at 90 °C with 
and without addition of homogenous base.  
With the addition of a homogeneous base, the yield of FDCA is influenced by the support. 
The strongest interaction of Pd NPs with the support was observed with TiO2. This strong 
interaction might be the reason for the lower changes of the particle size and the shape of NPs 
during HMF oxidation in the Pd/TiO2 catalyst. Furthermore, it might be also responsible for 
fewer amounts of Pd species in the post reaction solution compared to other catalysts e.g. 
Pd/ZrO2/La2O3 or Pd/Al2O3. Although Pd/TiO2 catalyst has a lot of advantages, a lower yield 
of FDCA was observed. This might be explained by a stronger adsorption of the substrate 
(HMF) and reaction intermediate (e.g. HMFCA) on the catalyst surface. This could lead to a 
blocking of active surface sites during the initial stage of the reaction (evident by the lower 





High yields of FDCA connected with a relatively stable catalytic performance were obtained 
on Pd/ZrO2/La2O3 catalysts. Generally, two different types of deactivation were observed: i) - 
a reversible short-term deactivation by a blocking of active surface sites of Pd and ii)-an 
irreversible long-term deactivation by alterations in Pd structure and by Pd leaching. The 
change in the particle size and shape of the NPs on the support surface during the HMF 
oxidation could result from the aggregation of the formerly isolated small NPs. The catalytic 
performance was not strongly affected by the changes in Pd structures because the surface of 
the small Pd NPs in the formed aggregates stayed largely intact.  
 
The modification of the surface of Pd nanoparticles by adding a second metal (Ag or Cu) led 
to an increase in the capability of the catalyst to oxidize the HMFCA completely. Hence, it 
prevents the catalyst from a fast deactivation during the HMF oxidation which was observed 
for the monometallic Pd catalysts. Furthermore, the amounts of byproducts were clearly 
reduced compared to monometallic Pd/TiO2. These observations could be attributed to 
changes of the electronic and geometric structure of the active site of the bimetallic catalysts 
compared to the monometallic catalyst. 
 
Without the addition of a homogeneous base, high FDCA yields can only be obtained if 
hydrotalcites are used as supports. The activity of the Pd/hydrotalcite supports is influenced 
by the Mg/Al ratio. Beside the basicity of the support, the results of characterization also 
indicate that the formation of FDCA is closely connected with Mg leaching from the support 
into the solution, thus making the solution alkaline.  
 
Titania supported Pd and Pd-Ag catalysts are active and selective catalysts in the selective 
oxidation of GLY to lactic acid (LA). The selectivity of LA is influenced both, by the reaction 
parameters and by silver content in the catalysts. A high selectivity of LA connected with a 
relatively stable catalytic performance was obtained on Pd-Ag catalyst which has a nominal 
molar ratio of Pd to Ag (4:1). The monometallic Pd catalyst was deactivated if the oxygen 
pressure was too high, the deactivation might be caused by the interaction of the Pd surface 
with oxygen. Thus, the addition of silver to Pd catalyst led to an increase in the stability of the 
catalyst at a high oxygen pressure. Furthermore, the amount of metal leaching was reduced 






7.1 Parameters of the analytical methods 
7.1.1 Powder X-ray diffraction 
 
XRD patterns were measured on a Theta/Theta diffractometer (X’Pert Pro from Panalytical, 
Almelo, Netherlands) with CuKα radiation (λ=0.15418 nm, 40 KV, 40 mA) and a X’Celerator 
RTMS Detector. The alignment was checked by use of a silicon standard. The data were 
recorded in a 2 theta range from 5 -70°. The solid prepared material was directly submitted to 
XRD but in the case of NP in solution the following steps were required to obtain a solid 
material. Here, 5 mL of the synthesis solution of NPs was washed once with acetone and 
centrifuged at 5800 rpm until the organic phase was no long colored. Afterwards, the solid 
residual was dried with air at ambient temperature and then scratched from the tube wall.  
7.1.2 Transmission electron microscopy 
 
TEM measurements were made at 200 kV by using a JEM-ARM200F (JEOL) instrument. 
The microscope was equipped with a JED-2300 (JEOL) energy-dispersive X-ray 
spectrometry (EDXS) instrument for chemical analysis. TEM images of materials were 
obtained at 200kV with a JEM-ARM200F (JEOL Ltd). For TEM measurements, the solid 
materials were submitted directly to TEM but in the case of NP in synthesis solution the 
following steps were required, here, 100 µl of the colloidal solution of NP was mixed with an 
excess of acetone and centrifuged. The solid residual was dissolved in methanol and a drop of 
this mixture was deposited on a holey carbon supported Cu grid (mesh 300). Finally, the grid 
was dried in vacuum. 
7.1.3 Scanning electron microscopy 
 
Scanning electron microscopy (SEM) images of materials were obtained at 200kV with a 
JEM-ARM200F (JEOL Ltd) which is aberration-corrected by a CESCOR (CEOS). High-
angle annular dark field (HAADF) imaging was operated with a spot size of 6c 
(approximately 0.13 nm) and a 40 µm condenser aperture. The samples were deposed on 





7.1.4 Small-angle X-ray scattering 
 
The measurement of SAXS were carried out with a Kratky-type instrument (SAXSess, Anton 
Paar, Austria) operated at 40 kV and 50 mA in slit collimation using a two-dimensional CCD 
detector (T = −40 °C). The 2D scattering pattern was converted into a one-dimensional 
scattering curve as a function of the magnitude of the scattering vector              
 
 
  ) 
with SAXS Quant Software (Anton Paar). A Göbel mirror was used to convert the divergent 
polychromatic X-ray beam into a collimated line-shaped beam of Cu Kα radiation (λ = 0.154 
nm). Slit collimation of the primary beam was applied in order to increase the flux and to 
improve the signal quality. Scattering curves were obtained as the average of 120 
measurements monitored over 5 seconds. Scattering profiles of the Pd NP were obtained by 
subtraction of the detector current and the scattering of the solvent from the scattering profiles 
of the Pd nanoparticles. From the scattering curves the volume-weighted size distribution was 
obtained by indirect Fourier transformation (IFT) [215] using the program GIFT 
(implemented in PCG software package, Version 2.02.05, university Graz). 
7.1.5 X-ray photoelectron spectroscopy 
 
The measurements were performed with an ESCALAB 220iXL (Thermo Fisher Scientific) 
with monochromatic Al Kα radiation (E = 1486.6 eV). The samples were fixed on a stainless 
steel sample holder with double adhesive carbon tape. For charge compensation a flood gun 
was used, the spectra were referenced to the C1s peak at 284.8 eV. The error range for the 
determination of the electron binding energy is estimated as ± 0.2 eV. After background 
subtraction the peaks were fitted with Gaussian-Lorentzian curves to determine the positions 
and the areas of the peaks. The surface composition was calculated from the peak areas 
divided by the element- specific Scofield factor and the transmission function of the 
spectrometer. 
7.1.6 UV-Vis spectroscopy 
 
UV-Vis spectra were recorded with Avater Ava light -DH-S-BAL combined with deuterium 
and halogen light source in the range of 200-700 nm. UV-Vis spectra were recorded with 
Avatec Ava light -DH-S-BAL combined with deuterium and halogen light source in the range 
of 200-700 nm. For UV/Vis analysis of the nanoparticles, a 100 µL of the synthesis solution 





7.1.7 Atomic spectroscopy 
 
AAS instrument is a computerized routine atomic absorption and emission-spectrometer for 
flame AAS, with two-beam optics (Deuterium lamp and hollow Kate lamp), 6-fach lamp 
changer, burner system for air /acetylene and nitrous oxide/acetylene and security of gas 
supply. By using an AAS-A Analyst 300 from Perkin Elmer, the samples contains Pd, Au, 
Mg, and Al were determined to obtain e.g. metal loading, molar ratio of (Pd to Au) or (Mg to 
Al), leaching of metal into solution. For the NPs in solution, 500 µl of the corresponding 
synthesis solution were filled in a glass tube. Afterwards, the solution was heated up for 1h 
until the ethylene glycol was evaporated, where a solid Pd-Au NPs was then dissolved by acid 
before AAS measurements. For the solid materials, the measurement was done after pulping 
the solid by sulphuric acid and potassium bisulfate. In order to determine the metal amount in 
the reaction solution, 10 mL of the post reaction mixture were mixed with 10 mL aqua regia 
before being analyzed by AAS. ICP was used for materials contain bimetallic catalyst Pd-Ag, 
the molar ratio of Pd to Ag to determine e.g. the metal loading in the catalyst, and leaching of 
palladium and silver into the solution  
 
7.1.8 Zeta potential measurements 
 
The zeta potential was measured with a Zeta Sizer 3000 HS (Malvern Instrument) at 25°C. To 
measure the Zeta potential 5 mg of the ZrO2/La2O3 support were added to 20 mL pH buffer 
solutions with pH value of 4 (Mettler Toledo), 7 or 10 (Hanna Instruments). Before 
measurement of the zeta potential, the three suspensions were treated for 15 min in an 
ultrasonic bath. The following results were obtained (results of two measurements): 
pH= 4: 4.7 and 4.1 mV, pH=7: 0.3 and 0.1 mV, and pH=10: - 43.9 and -42.7 mV 
Additionally, the Zeta potential of the alumina support at pH=10 was also measured using the 










7.2 Rough calculations of the ratio of the added metal atoms (Ag, Au, or Cu) to the 
Pd surface atoms 
The number of Pd atoms in the solution (N atoms) was calculated by: 
  
                         
 
(28) 
NA = Avogadro’s number, and 10 mL of Pd NPs (20 mM). 
 
The number of second metal atoms (Ag, Au, or Cu) in the solution ( N atoms) was calculated 
by: 
 (29) 
                        
 
Herein, 1, 2.5, and 5 mL of 20 mM metal salt containing solution (M= Ag, Au, or Cu) was 
added to 10 mL Pd NPs containing solution (ethylene glycol, pH=11).  
 
The mean number of Pd atoms in a single particle is approximated according to the following 
equation, assuming a spherical particle shape [185]: 
 
   
           
 









The atom number (n) for Pd_1 (dm = 4.4x10
-9 
m, derived from TEM) = 3134 for Pd_2 (dm = 
1.9x10
-9 
m, derived from TEM) = 252 and for Pd_3 (dm = 1.8x10
-9 
m, derived from TEM) = 
214. 
The total number of atoms in a single particle N1, the number of the atoms per shell N2 and 
the percentage of the surface atoms in a single particle are theoretically calculated by 
equations (31-33). 
 






                  
  -5 m+3) 
 
(31) 
Herein, m = the number of shells. 
 
The number of the atoms per shell (N2) was calculated by [186]: 
 (32) 
      
         
 
Then, the surface atom in a single particle was formulated as: 
 
       
  
  
        
(33) 
  
Table 30. The surface atoms in a single particle. 
Entry m N1 N2 R % 
1 1 1 1 100.0 
2 2 13 12 92.3 
3 3 55 42 76.4 
4 4 147 92 62.6 
5 5 309 162 52.4 
6 6 561 252 44.9 
7 7 923 362 39.2 
8 8 1415 492 34.8 
9 9 2057 642 31.2 
10 10 2869 812 28.3 
 
The number of Pd surface atoms was calculated by: 
 (34) 
                                 
               
   








Table 19 summarizes the mean atoms number of Pd in a single particle (n), the number of Pd 
atoms in solution (Natoms), and the number of Pd surface atoms (Satoms) as well. 
 
The ratio of the added metal atoms (Ag, Au, or Cu) to the Pd surface atoms was formulated 
as: 
 
        
         
                               




Table 31. The ratio of the added metal atoms to the Pd surface atoms. 


























































































- y= 9.03122E+09x, R= 0.999
 
HMFCA
C /  (mmol/ml)  

























- y= 1.81247E+10x, R= 0.999
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- y= 1.54942E+10x, R= 0.997
 FDCA
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Figure 48. Calibration curves of the components in GLY oxidation. 
 




















































                      
                      

























y= 51492x, R=0.999 
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Figure 49. 1H-NMR spectrum and UV-HPLC chromatogram in GLY oxidation at 100 °C, GLY (5 mmol, 
0.5 M), Vtotal= 10 mL, GLY:Pd = 5000:1 (mol/mol), NaOH:GLY = 2:1 (mol/mol), pO2 = 5 bar. 










































































































7.6 Reusability of the catalysts in HMF oxidation with addition of homogenous base 
 
A) - using Pd/ZrO2/La2O3. 
 
 









































































































Figure 50. Plots of HMF conversion (a) and product yields (b-c) versus time on Pd/ZrO2/La2O3 catalysts. 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 (mol/mol), O2 flow rate (35 mL/min), 
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Figure 51. Plots of HMF conversion (a) and product yields versus reaction time on Pd/TiO2 catalysts. 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF:Pd = 100 (mol/mol), O2 flow rate (35 mL/min), 
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C) - using Pd/KF/Al2O3. 
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Figure 52. Plots of HMF conversion (a) and product yields (b-d) versus time on Pd/KF/Al2O3 catalysts. 
Reaction conditions: HMF (0.4 mmol), H2O (20 mL), HMF/Pd = 100 (mol/mol), O2 flow rate (35 mL/min), 
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